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Abstract 
This document represents the memory derived from a project carried out as a Traineeship period at 
NTNU/SINTEF and reflects the tasks accomplished during its course. Such tasks are divided in two 
paths: the design and manufacture of a CTES unit for further work at SINTEF’s lab, and an academic 
research about the benefits derived from the use of R744 as a working fluid in the refrigeration systems 
of supermarkets, including the derived technologies with the objective to spread them among the 
scientific community. 
The study of R744 as a working fluid concludes that it is a valuable asset for a sustainable future, since 
with current technologies it performs even better than most of the Hydro-Fluorocarbon refrigerants 
that nowadays possess the market, while having Global Warming Potential and Ozone Depletion 
Potential both 0. With the technologies available nowadays, CO2 can be used as a working fluid 
anywhere in the world and has no unavoidable drawbacks. 
Regarding the design of the CTES tank, it is designed to be used in a modular arrangement in 
supermarkets, including several units in parallel if necessary. The unit/s aim to be placed on top of the 
cabinets (so each cabinet would have its own) which is a space that is generally unused. To take 
advantage of such placement, the thermosiphon principle can be used when discharging the tank/s so 
no energy is consumed by the compressors of the refrigeration system. 
The core of the tank is based on three tube coils through which the refrigerant flows The coils change 
their diameter following a certain sequence in order to cover all the volume of the tank, so that the 
heat exchange is enhanced while having the same length in every coil, which is necessary to sustain 
the thermosiphon principle. The design is carried out through an iterative process to stablish the 
dimension of the different components of the tank. 
A gathering of the operation and control strategies that can be done in a refrigeration system that 
includes the designed CTES unit is also included in this document, as well as an energetic study of the 
implementation of such CTES unit in a generic refrigeration system. The result shows that the energy 
consumption can be reduced as much as 38,9% with respect to the base case. 
Also, the process and materials used during the manufacture of the coils of the tank are depicted. 
These coils are built at the end of the Traineeship period and delivered to the co-director of this project 
for further work. 
Finally, an environmental and economic analysis is included, which shows that the CTES pays off both 
economically and environmentally before a lifespan of 20 years. 
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Resumen 
El presente documento incluye la memoria derivada de un proyecto llevado a cabo como un período 
de prácticas en NTNU/SINTEF y refleja las tareas realizadas durante su curso. Dichas tareas siguen dos 
caminos: el diseño y fabricación de una unidad de CTES para trabajos futuros en el laboratorio de 
SINTEF, y una investigación de carácter académico sobre los beneficios derivados del uso del R744 
como fluido operante en los sistemas de refrigeración de supermercados, incluyendo las tecnologías 
derivadas con el objetivo de difundirlas entre la comunidad científica. 
El estudio del R744 como fluido operante concluye que es un activo valioso para un futuro sostenible, 
ya que con las tecnologías actuales funciona incluso mejor que la mayoría de los refrigerantes 
hidrofluorocarbonados que hoy en día controlan el mercado, mientras que tanto su GWP como su ODP 
son 0. Con las tecnologías disponibles hoy en día, el CO2 puede ser utilizado como fluido operante en 
cualquier parte del mundo sin inconvenientes inevitables. 
En cuanto al diseño del tanque CTES, está diseñado para ser utilizado en una disposición modular en 
supermercados, incluyendo varias unidades en paralelo si es necesario. La unidad/es tienen el objetivo 
ser colocada/s en la parte superior de las neveras (por lo que cada nevera tendría su propio CTES), que 
es un espacio generalmente desaprovechado. Aprovechando dicha localización, el principio de 
termosifón puede utilizarse al descargar el/los tanque/s para que los compresores del sistema de 
refrigeración no consuman energía. 
El núcleo del tanque está basado en tres tubos bobinados a través de las cuales fluye el refrigerante. 
Las bobinas cambian su diámetro siguiendo una secuencia determinada para cubrir todo el volumen 
del tanque, de modo que el intercambio de calor se optimiza teniendo la misma longitud en cada 
bobina, lo cual es necesario para llevar a cabo el principio del termosifón. El diseño se lleva a cabo a 
través de un proceso iterativo para dimensionar los diferentes componentes del tanque. 
También se incluye en este documento una recolección de las estrategias de operación y control que 
pueden realizarse en un sistema de refrigeración que incluye la unidad CTES diseñada, así como un 
estudio enérgico de la implementación de dicha unidad CTES en un sistema de refrigeración genérico. 
El resultado muestra que el consumo de energía puede reducirse hasta un 38,9% con respecto al caso 
base. 
Asimismo, se describen el proceso y los materiales utilizados durante la fabricación de las bobinas del 
depósito. Estas bobinas se construyen al final del período de prácticas y se entregan al codirector de 
este proyecto para trabajos futuros. 
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Por último, se incluye un análisis ambiental y económico, que muestra que el CTES vale la pena tanto 
económicamente como ambientalmente ya que se amortiza antes de una vida útil de 20 años. 
Resum 
El present document inclou la memòria derivada d'un projecte dut a terme com un període de 
pràctiques a la NTNU/SINTEF i reflecteix les tasques realitzades durant el seu curs. Aquestes tasques 
segueixen dos camins: el disseny i fabricació d'una unitat de CTES per a treballs futurs en el laboratori 
de SINTEF, i una investigació de caràcter acadèmic sobre els beneficis derivats de l'ús del R744 com a 
fluid operant en els sistemes de refrigeració de supermercats, incloent les tecnologies derivades amb 
l'objectiu de difondre-les entre la comunitat científica. 
L'estudi del R744 com a fluid operant conclou que és un actiu valuós per a un futur sostenible, ja que 
amb les tecnologies actuals funciona fins i tot millor que la majoria dels refrigerants 
hidrofluorocarbonats que avui dia controlen el mercat, mentre que tant el seu GWP com el seu ODP 
són 0. Amb les tecnologies disponibles avui en dia, el CO2 pot ser utilitzat com a fluid operant arreu del 
món sense inconvenients inevitables. 
Pel que fa al disseny del tanc CTES, està dissenyat per ser utilitzat en una disposició modular en 
supermercats, incloent diverses unitats en paral·lel si cal. La/les unitat/s tenen l'objectiu de ser 
col·locada/es en la part superior de les neveres (per la qual cosa cada nevera tindria el seu propi CTES), 
que és un espai generalment desaprofitat. Aprofitant aquesta localització, el principi de termosifó pot 
utilitzar-se per descarregar el/s tanc/s. 
El nucli del tanc està basat en tres tubs bobinats a través de les quals flueix el refrigerant. Les bobines 
canvien el seu diàmetre seguint una seqüència determinada per cobrir tot el volum del tanc, de manera 
que l'intercanvi de calor s'optimitza tenint la mateixa longitud en cada bobina, la qual cosa és 
necessaria per dur a terme el principi del termosifó. El disseny es porta a terme a través d'un procés 
iteratiu per dimensionar els diferents components del tanc. 
També s'inclou en aquest document una recol·lecció de les estratègies d'operació i control que poden 
realitzar-se en un sistema de refrigeració que inclou la unitat CTES dissenyada, així com un estudi 
enèrgic de la implementació d'aquesta unitat CTES en un sistema de refrigeració genèric. El resultat 
mostra que el consum d'energia pot reduir fins a un 38,9% respecte al cas base. 
Així mateix, es descriuen el procés i els materials utilitzats durant la fabricació de les bobines del dipòsit. 
Aquestes bobines es construeixen al final del període de pràctiques i es lliuren al codirector d'aquest 
projecte per a treballs futurs. 
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Finalment, s'inclou un anàlisi ambiental i econòmic, que mostra que el CTES val la pena tant 
econòmicament com ambientalment ja que en ambdós casos s’amortitza abans d’una vida util de 20 
anys. 
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1. Introduction 
In modern society, the need for refrigeration is routine whether it is for comfort inside buildings or 
vehicles, preservation of food, chilling for manufacturing processes, data storage chilling or even for 
investigation purposes; it is estimated that 15% of the energy consumption worldwide is due to 
refrigeration and air conditioning systems. [1] The chilling technology for vapour compression cycles is 
widely mastered, achieving good efficiencies in the components and a high overall Coefficient of 
Performance in any modern machine, which can also be reversed easily and turned into a heat pump 
making it more adaptable and versatile, especially when it comes to its use for indoor environments. 
Nowadays the challenge is to make the existing and well-performing technologies fit into the crucial 
demand for energy efficiency in a world facing climate change with an increasing population and 
decreasing reserves of energetic resources. This means that, while there is always room and need for 
improvement in the development of future technologies (which ultimately would mean an increase in 
energy efficiency), the current scenario also urges to work towards the reduction of the energy 
consumption using currently existing technologies by other means, such as a smarter use of energy by 
including energy storages or the use of different working fluids.  
Also, one of the needs for moving towards a sustainable future is to guarantee the increasing demand 
for food supply worldwide without making this affect global warming. Therefore, refrigeration systems 
along the food chain, which are key to guarantee this supply of fresh food, play a key role in that matter. 
For that, the refrigeration systems of supermarkets of developing countries are certain to be relevant. 
For that matter, the use of R744 (CO2) as a working fluid in order to make the refrigeration units less 
dangerous for the environment along with the incorporation Thermal Energy Storage in order to 
improve the energy efficiency of the refrigeration systems are good solutions that offer potential for 
improvement in any system at a low cost. 
1.1. Objectives of the project 
The aim of this project is to study the improvement in the energy efficiency of a commercial 
refrigeration system in a supermarket when R744 is used as the working fluid and a when TES is 
incorporated, while intending to serve as a generic guideline for the design process of this kind of 
systems. The main tasks to be performed are: 
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 Creation of a basic guideline for the design of R744 refrigeration systems in supermarkets, 
introducing the main solutions commercially available nowadays, aiming to further such 
technologies. 
 Design of a modular CTES system for a cabinet that runs with R744, evaluating the CTES effect 
in the energy consumption and the possible operation strategies. 
 Building the designed CTES model and delivering it to NTNU/SINTEF for further work and 
testing. 
 Analysis of the results and conclusion. 
 Environmental impact. 
 Economic viability. 
1.2. Motivation 
This project stems from the common duty of the scientific and technological community to curb 
climate change, while assuring progress for society. This means that, being just one of many fronts, the 
world must deal with the growing demand for fresh food caused by the increasing population in the 
developing countries, which will necessarily mean a much higher demand for commercial chilling 
systems in supermarkets. Therefore, those chilling systems must be environmentally friendly and 
energetically efficient in order to advance towards a sustainable future. 
Synthetic refrigerants have been proven to contribute global warming and damage the ozone layer, 
and the unavoidable leaks of the chemicals to the atmosphere, as well as their production process 
itself, make any system that runs with them non-viable. That is why the general trend is to phase out 
these refrigerants and move towards natural working fluids. 
Nevertheless, this transition could not be done if it were to mean a decrease in energy efficiency for 
the refrigeration systems, since that would be incongruous because it would increase the emissions 
from energy generation. Therefore, the technology and systems supporting the use of natural working 
fluids need to be at least as efficient as for synthetic refrigerants. 
Yet ultimately, technologies must match a market, which aims primarily to obtain economic benefits. 
In the case of chilling systems for supermarkets, it is not only the energy saving that matters, but also 
the initial investment. So it is also important to show to the scientific community and to the people 
that it is economically viable to phase out chemical refrigerants. 
To sum up, this project serves as a contribution to the development of environmentally friendly 
solutions for refrigeration systems based on natural working fluids and having a strong focus in energy 
efficiency, while aiming to show and spread among people their possibilities for the immediate future. 
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1.3. Methodology 
This project has been elaborated for UPC and NTNU in collaboration with SINTEF under the European 
program Erasmus + Traineeship (Learning Agreement can be found in Appendix A). For that matter, it 
aims to contribute to the PHD thesis of Raluca-Iolanda Manescu by designing the CTES. The supervision 
at NTNU was done by professor Armin Hafner while the director at UPC was professor Jose Lopez 
Lopez. 
The methodology followed during the Traineeship has two paths. On the one hand, the theoretical 
study that provides the background of the summary of solutions including R744 for refrigeration 
system in supermarkets, which included literature review, the participation in NTNU’s course TEP4255 
Heat Pumping Processes and Systems (see Appendix B), and independent research. On the other hand, 
the design process of the CTES tank, which included literature review, weekly meetings with the 
supervisor and/or the PHD candidate, designing work (including a 3D CAD model) and manufacturing 
of the designed tank at SINTEF’s Laboratory.  
The Gantt Diagram in Appendix C shows the tasks carried out during the Traineeship and their 
distribution in time 
1.4. Literature review 
The use of CO2 as a working fluid has been widely analysed by the scientific community, as its 
resurrection as a working fluid came in the late 1992 after the idea of Gustav Lorentzen (Professor at 
the Norwegian University of Science and Technology) for working on a transcritical cycle.[2] Later, after 
years of research, Bensafi and Thonton [3] present a technical manual where the different technologies 
and components are presented based on the advantages of transcritical R744; the document opens 
the gate to a commercial application of the technology. In more recent researches, Ceccinato et al. [4] 
analyse different HVAC systems with different working fluids, where some of the proposed solutions 
offer a significant improvement in energy efficiency with respect to the reference, with up to 18,7% 
energy saving in the most favourable climate. In general this issue has already a strong background and 
is in advanced commercial phase. Finally, Hafner [5] analyses CO2 refrigeration system solutions that 
englobe air conditioning and produces sanitary hot water through reuse of waste heat, in order to 
achieve further energy efficiency; during the analysis of the viability of the solutions they are separated 
geographically into Southern Europe and Northern Europe. 
Regarding the CTES, its integration into CO2 refrigeration systems and the possible benefits have been 
discussed only in the recent years and is state-of-the-art. Several authors have done case studies, such 
as Grozdek [6], who describes a concept of CTES using an ice bank and ice slurry systems for load 
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shifting. It focuses on the construction and operation of the storages, including an extended description 
of their charging and discharging processes. Heerup and Green [7] propose a design using a latent CTES 
with an auxiliary type storage located at the inlet of the receiver and without any additional heat 
exchangers considered, because the refrigerant is assumed to flow through the storage. In the same 
publication, Heerup and Green describe a second concept where they find a reduction in the energy 
consumption of 5-15% and a reduction of peak power around 50% on the worse (warmest) day of the 
year. Regarding the publication of Ferrandi and Orlandi [8], the integration of a sensible auxiliary-type 
CTES into CO2 refrigeration systems via two heat exchangers is described there. The heat exchanger 
for discharging is connected to the liquid outlet of the receiver and sub-cools the refrigerant during 
discharge. The storage is charged by an additional evaporator, which is connected in parallel to the 
display cabinet/cold room evaporators. They analyse the system performance during one typical 
summer day, and thank to the CTES they found a reduction of electrical power consumption of 5% and 
a reduction of 28% of peak power. Fidorra et al. [9] analyse the suitability of different low temperature 
heat storage concepts to increase the efficiency of CO2 refrigeration systems for supermarkets, 
performing case studies comprising simulations for the most promising solutions. In addition, it 
evaluates their possible integration with high efficiency layouts intended for hot climates. Also Fidorra 
et al. [10] develops a systematic approach to assess different CTES concepts for CO2 refrigeration 
systems, going beyond case studies. Four layouts of booster CO2 with different types of CTES are 
systematically analysed and compared. However, these documents were merely theoretical and CTES 
have been rarely tested experimentally. Finally, Manescu et al. [11] focuses on the application of the 
thermosiphon principle as the driving force for further energy saving in the installation of CTES tanks 
working with CO2 refrigeration systems. 
In conclusion, from the literature review two main points are obtained: on the one hand, CO2 as a 
working fluid is not only a promising idea that can bring further energy saving, but also an already 
existing and mature technology that has been successfully proven commercially. On the other hand, 
the incorporation of CTES into refrigeration systems is starting to be seriously considered as many 
theoretical researches have been performed, although it needs to be tested experimentally before 
thinking of its commercial application. 
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2. Background: theory and history 
Along this section, the theoretical and historical background of refrigeration systems in general, R744 
as a refrigerant and the Thermal Energy Storage solutions will be explained in order to provide a 
context for the project. The equations and physical models applied during the design process of the 
tank are all explained here. 
2.1. Refrigeration systems 
Now the characteristics of basic refrigeration systems in general will be described, as they are the key 
to understand more advanced solutions. 
2.1.1. The evolution of refrigeration. 
Until the end of the 19th century, natural ice was the only possible method for chilling. Ice was 
harvested from frozen lakes and glaciers in cold countries such as Norway, and exported to countries 
where the climatic conditions did not provide. Even nowadays ice blocks are used as a chilling method 
for certain applications such as fresh food transportation, yet it is obviously no longer the main trend. 
In the middle of the 19th century, the first mechanical refrigeration system was invented and patented 
by Jacob Perkins. The system used ether as a working fluid, and had four main components: an 
evaporator, a hand operated compressor, a condenser and a hand operated expansion device. This 
invention had a rapid growth in popularity and settled the base of modern refrigeration technologies; 
in 1869, the American Thaddeus S. C. Lowe built the first refrigeration plant working with CO2 in the 
State of, Missouri. 
In the first systems, natural gasses such as ether, SO2, CO2, ammonia or propane were used as working 
fluids, but in the 1930s synthetic fluids like CFC and HCFC gasses were introduced. These synthetic 
fluids meant a huge advance in efficiency for the technologies available at that time since they allowed 
the systems to work at lower pressures, and they were the safe choice until the 1980s, when 
researchers (such as Nobel prizes F.S. Rowland and M. J. Molina) found that the ozone layer was 
damaged and these synthetic refrigerants were among the responsible. The result was that CFCs and 
HCFCs gasses started to be replaced by a new family of HFC gasses, which lacked the chloride 
component that harmed the ozone layer. In 1987 the CFCs and HCFCs were finally phased out due to 
the fact that Montreal Protocol was signed implementing strong policies against these refrigerants 
worldwide. [12] 
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However, the HFC gasses were known to have a high impact on global warming since they contribute 
to the greenhouse effect and there has been a focus on phasing them out, settled by the Kyoto Protocol 
which stated foreseen that the use of HCFCs should be stopped by 2040 in developing countries and 
by 2030 in developed countries. [13]. 
So nowadays, the focus is to go back to using natural working fluids, which have a low Global Warming 
Potential. With modern technologies they can achieve efficiencies as good as any synthetic refrigerant, 
if not better. 
2.1.2. Working Principle 
The purpose of any refrigeration system is to remove heat from a refrigerated space at a lower 
temperature than the ambient temperature. The most common type of refrigeration machines used 
nowadays, and thus the object of this project, is based on a closed vapour compression process, which 
is a thermodynamic process. As such, the working principle holds for the laws of thermodynamics, 
which for a refrigeration system determine: 
 From the first law, it is stated that energy cannot be created nor destroyed due to conservation 
of energy. 
 From the second law, it is stated that it is impossible to create a heat flow from a cold reservoir 
to a hot reservoir without work supporting this flow, since the transport of heat energy 
naturally goes from a high temperature reservoir to a low temperature reservoir. 
Therefore, in order to lower the temperature of any cold reservoir it is necessary to provide energy to 
the system in the form of work, which in vapour compression cycles is given by a compressor. The 
action of the compressor creates a high pressure zone in the cycle, and thanks to the physical 
properties of the working fluid inside the system, its phase changing temperature raises with respect 
to the lower pressure zone. There, a heat exchanger serving as a condenser is placed, which links the 
cycle with the high temperature reservoir. This condenser allows the working fluid to change its phase 
from gas to liquid, lowering its entropy and delivering the energy to the high temperature reservoir 
(usually the ambient). Then the liquid goes through an expansion valve which brings it back to the low 
pressure zone of the cycle, where a heat exchanger serving as a evaporator is placed, linking the cycle 
with the low temperature reservoir. The evaporator brings the fluid trough a phase change from liquid 
to gas, raising its entropy with the energy taken from the low temperature reservoir. After that, the 
fluid goes back to the compressor, where the cycle begins again since these components are connected 
by a closed loop circuit, forming a hermetically sealed process where the working fluid circulates. The 
expansion valve also has the function of regulation the flow of refrigerant (?̇?𝑅) in order to match the 
amount of fluid moved by the compressor so that the system is kept at equilibrium. 
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Figure 1: Simple refrigeration cycle. 
Regarding the temperatures, in each part of the system described in the previous paragraph there are 
restrictions where there has to be a natural flow of heat, which again happens from a high temperature 
reservoir to a low temperature reservoir. This means that in order to create heat flow from the 
condenser to the high temperature reservoir, the inlet temperature to the condenser (and thus the 
phase changing temperature for the high pressure zone) has to be higher than the temperature of the 
reservoir. Similarly, the phase changing temperature in the low pressure zone has to be lower than the 
temperature of the cold reservoir. These temperatures can be adjusted if necessary by changing the 
pressures via the compressor and the expansion valve. 
In order for the system to be in equilibrium, all the heat input at the evaporator must be taken out 
through the condenser, plus all the extra heat inputs coming from losses as described in the following 
sections. 
The closed vapour compression cycle can be divided in four separated open processes: evaporation 
(points 4 to 1 in Figure 2), compression (points 1 to 2s in Figure 2), condensation (points 2s to 3 in Figure 
2),and expansion (points 3 to 4 in Figure 2). As such, these processes follow the first law equation ( 1) 
that handles a continuous process in an open system. 
𝑄 = 𝐻2 − 𝐻1 + 𝑊𝑖𝑠 ( 1) 
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Figure 2: Representation of a simple refrigeration cycle in a logP-h diagram. 
Source: Compendiums TEP4255 provided by Armin Hafner. 
2.1.2.1. Evaporation 
The evaporation takes place inside the heat exchanger that connects the cycle with the low 
temperature reservoir, and at the entrance the working fluid will be at two phases (a mixture of liquid 
and gas). In order to make heat flow from the refrigerated space to the fluid, the evaporator pressure 
(P0) is kept low enough to make the working fluid temperature (T0) lower than the refrigerated space’s 
temperature (TR). The heat flow allows the fluid to evaporate along the heat exchanger, so that all the 
fluid is at gas state at the exit of the evaporator; this heat flow extracted from the cold reservoir is 
called refrigeration capacity (Q0). In order for the refrigerated space to be at equilibrium, the 
refrigeration capacity must be equal to the refrigeration load present at the room (?̇?𝐿), which is 
determined by the all heat fluxes coming inside the room through the walls, devices, machinery, 
people, etc. 
Due to the physical nature of the working fluids, the temperature remains constant during phase 
change, so the evaporation process is an isothermal process, and since the pressure is ideally kept 
constant the process is also isobaric. At the exit of the evaporator the heat transferred from the room 
is accumulated as latent heat in the working fluid. 
Since the evaporation process is isobaric it gives Wis = 0, and applying equation ( 1): 
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?̇? = ?̇?0 = 𝐻2 − 𝐻1 + 0 = ?̇?𝑅(ℎ2 − ℎ1) 
( 2) 
2.1.2.2. Compression 
The compressor increases the pressure of the low pressure zone (where the evaporator is) and moves 
the refrigerant towards a high pressure zone (where the condenser is). Due to the increase of pressure, 
the saturation temperature of the working fluid increases. Therefore, the compression process takes 
place from the evaporation pressure (P0) and temperature (T0) to the condensation pressure (PC) and 
temperature (TC) 
In order to achieve the compression of the working fluid, it is necessary to supply energy in the form 
of mechanical work (W), usually provided by an electric motor; the compression process matches then 
the second law of thermodynamics for the whole cycle. 
The compression process is ideally adiabatic (meaning that ?̇? = 0) and therefore it is an isentropic 
process. Yet it is impossible to avoid any heat exchange between the compressor and the refrigerant, 
which results in an isentropic efficiency at the compressor. Assuming an ideal compression process, 
the theoretical work can be calculated from equation ( 1): 
0 = 𝐻2 − 𝐻1 + ?̇?𝑖𝑠    →    ?̇?𝑖𝑠 = 𝐻1 − 𝐻2 = ?̇?𝑅(ℎ1 − ℎ2) 
( 3) 
2.1.2.3. Condensation 
Superheated vapour (high pressure and high temperature) is provided from the compressor to the 
heat exchanger serving as a condenser. In order to transfer the latent heat to the environment, the 
condensing temperature (TC) is higher than the ambient temperature (TAMB) creating a condensation 
heat flow (QC) from the system to the environment. In order for the system to work properly, the 
condensation heat flow removed from the system has to be equal to the energy provided to the system 
in the previous processes, that is: 
?̇?𝐶 = ?̇?0 + ?̇?𝑖𝑠 
( 4) 
Due to the physical nature of the working fluids, the temperature remains constant during phase 
change, so the condensation process is an isothermal process, and since the pressure is ideally kept 
constant, the process is also isobaric. Therefore, since in an isobaric process Wis = 0, applying equation 
( 1): 
?̇? = ?̇?𝐶 = 𝐻2 − 𝐻1 + 0 = ?̇?𝑅(ℎ2 − ℎ1) 
( 5) 
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2.1.2.4. Expansion 
The high pressure fluid from the condenser goes through an expansion valve that allows it to lower its 
pressure to the low pressure level. Therefore, the expansion process takes place from the condensing 
pressure (PC) and temperature (TC) to the evaporation pressure (P0) and temperature (T0). Due to this 
drop in the state of the refrigerant, at the exit of the valve it is a mixture of gas and liquid. The process 
is isenthalpic, as it does not involve heat or work exchange. From equation ( 1): 
0 = 𝐻2 − 𝐻1 + 0  →    𝐻2 = 𝐻1  ( 6) 
2.1.3. Losses and Energy efficiency 
The ideal processes described above cannot be achieved beyond theory, and therefore losses will 
happen along any refrigeration cycle. The main source of losses in the cycle is the compressor, yet 
every component has its own irreversibilities. In order to reduce those losses and therefore improve 
the energy efficiency of the refrigeration system, additional elements and different arrangements can 
be applied to the design of any basic refrigeration circuit, aiming to adapt to the environmental 
conditions and to take profit of the properties of the refrigerants. Such improvements will be further 
explained during section 3 of this project. 
A Carnot Refrigeration Cycle formed by the four ideal processes previously described will be taken as 
a reference since it determines an ideal cycle, that is, it gets the maximum refrigeration load possible 
for a certain amount of work input to the system. 
 
Figure 3: PV and TS diagrams of a Carnot cycle 
The losses identified in a refrigeration cycle can be separated into three main blocs: heat exchanger 
losses, process losses and compressor losses. On top of these losses, each of the elements of the cycle 
have their own irreversibilities. 
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2.1.3.1. Heat exchanger losses 
In order to create a heat flow in the heat exchangers, there must be a temperature difference with the 
environment. That temperature difference makes the necessary work into the system bigger with 
respect to the Carnot Refrigeration Cycle, since it needs to be performed between the refrigerant 
temperatures instead of between the ambient temperature and refrigerated space temperature. The 
expanded Carnot Cycle resultant is represented in in Figure 4 compared to the ideal Carnot Cycle.  
  
Figure 4: Representation of heat exchanger losses in a T-S diagram. 
Source: Compendiums TEP4255 provided by Armin Hafner. 
The expanded Cycle represents the actual minimum work input to the system while having an 
acceptable level of heat flow in the heat exchangers thanks to the temperature differences. 
2.1.3.2. Process losses 
Once the heat exchanger losses are included into the Carnot Refrigeration Cycle, it is possible to 
compare it with an actual vapour compression refrigeration cycle, as shown in Figure 5. Although both 
cycles are close, two important deviations can be observed: the super heat loss and the expansion loss. 
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Figure 5: Representation of process and heat exchanger losses in a T-S diagram. 
Source: Compendiums TEP4255 provided by Armin Hafner. 
On the one hand, the super heat loss is caused by the compression being carried out in the superheated 
region. It causes an unnecessary super heat, which must be removed before the condensation may 
start. The superheat is unavoidable (except in rare cases) due to the thermodynamic properties of the 
refrigerants and the nature of the cycle. 
On the other hand, the expansion process itself, generally carried out using a simple expansion valve 
instead of an expansion machine that would recover the energy, causes the expansion loss. Since the 
expansion, process is isenthalpic, when bringing the pressure from PC to P0 there is an unavoidable loss 
is entropy. 
Both process losses mean an increase in power demand that must be taken out from the cycle via the 
condenser to keep the system at equilibrium, but do not carry an increase in refrigeration capacity. 
2.1.3.3. Compressor losses 
The compressor losses are mainly due to its isentropic efficiency, which is defined as the relationship 
between the work of the isentropic loss free compression (reversible compression) and the real power 




 ( 7) 
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Generally, it is assumed that the compressor works in adiabatic conditions with respect to the ambient 
and all the work it performs is transferred to the fluid; although in fact some of the work is lost to the 
ambient as heat, it is a fair assumption since generally the heat loss is generally around 2%.  
Therefore, when all the extra work done by the shaft is transferred to the refrigerant as heat as shown 
in Figure 6, and must be taken out of the cycle by the condenser. 
 
Figure 6: Representation of the compressor losses in a T-S diagram. 
Source: Compendiums TEP4255 provided by Armin Hafner. 
2.2. Use of CO2 for refrigeration: R744. 
With synthetic refrigerants in check after the Kyoto Protocol due to their high GWP in the case of HFCs 
and the ODP in the case of HCFCs and CFCs, the use of natural working fluids was seen as the solution 
since they are safe, energy efficient and cost effective. As such, R744 seemed specially promising and 
in 1988 NTNU professor Gustav Lorentzen registered the first patent on transcritical CO2 system. Since 
then, the interest in this working fluid has grown. 
Nowadays, the European Union, as a leading developed region, has implemented several remarkable 
policies in order to accomplish their part of the duty from the Kyoto Protocol. For example, it has 
implemented the “MAC Directive”, which acts on air conditioning systems in motor vehicles by 
forbidding the use F-gases with a GWP greater than 150 in all cars and vans produced from 2017 on. 
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Yet the most remarkable policy implemented in the EU is the “F-gas regulation”, which is the most 
restrictive of its kind in the world. It aims to limit the amount of F-gases released to the atmosphere 
by, on the one hand, banning its use in new equipment in many cases and, on the other hand, 
preventing emissions in existing equipment; the objective is to reduce the F-gas emissions to two-thirds 
by 2030 compared to 2014 levels. [14] 
With this scenario, the use of CO2 as a working fluid is growing in popularity since the first patent. The 
main advantages are that it is not toxic as ammonia nor flammable as the hydrocarbons, and has 
proven to be technically and economically competitive in several areas. 
2.2.1. Properties of CO2. 
In order to assess the viability of CO2 as a refrigerant working fluid, it is key to know its different 
properties. The thermodynamic properties are especially relevant, as well as their safety properties 
and its availability. 
2.2.1.1. Thermodynamic properties 
CO2 has unique thermodynamic properties with low critical pressure and temperature, as shown in 
Figure 7. The P-h diagram of the fluid is shown in Figure 8. 
 
Figure 7: Phase diagram for CO2 
Source: Compendiums TEP4255 provided by Armin Hafner 
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It has a low critical point, (31,06 oC at 73,8 bar), and a high triple point that limits the evaporation 
temperature to -56,6 oC at a pressure of 5,18 bar. Therefore, in general, a system running with R744 
requires higher design pressure for system components. 
Moreover, in the liquid phase CO2 has low viscosity and low surface tension, two properties that play 
an important role in the design of heat exchangers. 
 
Figure 8: P-h diagram of CO2 
Source: https://www.ohio.edu/mechanical/thermo/property_tables/CO2/ph_CO2.html (1/6/2017) 
2.2.1.2. Safety properties 
CO2 is an environmentally friendly working fluid. Since it is naturally found in the environment, its ODP 
and GWP are 0 when it is used as a working fluid. Moreover, CO2 extraction and production is easily 
applicable to Carbon Capture techniques, meaning not only that no environmentally unfriendly 
emissions are released in its use as working fluid, but also that it avoids the release of such emissions. 
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Regarding the human safety, CO2 is not toxic unless it reaches a very high concentration in the air, and 
is no flammable. Although it is not immediately toxic, a leakage of the working fluid would eventually 
displace the oxygen in a room, but it is a minor risk for any worker because such displacement happens 
slowly, leaving enough time to evacuate the place. 
So R744 is considered as an A1 working fluid, following the Refrigerant Safety Group Classification 
shown in Figure 9. 
 
Figure 9: Refrigerant Safety Group Classification. 
Source: [19] 
2.2.1.3. Price and availability 
CO2 is not rare and can even be obtained from the concentration in air, although this method is not 
very cost effective. The most common source is to get the gas from the waste product of the chemical 
industry from many processes (such as the production of ammonia), although the rising use of Carbon 
Capture techniques applied to fields such as electricity production or transportation is bringing a new 
way to obtain it. 
CO2 is found in the market with very different qualities and the price varies accordingly, depending on 
their source and purity. Each quality fills a different gap in the market, from beverage making (10kr/1€ 
per kilogram) to refrigeration (50kr/5€ per kilogram). However, a refrigeration cycle would work with 
any quality, only having a little worse properties. 
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2.2.2. CO2 as a working fluid. 
So, given the properties of COs shown previously, it is a good candidate to serve as a working fluid for 
many applications. 
The most significant property for the use of R744 is the environmental and human safety it supposes, 
as it is an A1 fluid with 0 GWP and 0 ODP. Moreover, it would enhance the application Carbon Capture 
and Storage techniques, which are in the rise nowadays in order to advance towards an 
environmentally friendly future without killing the fossil fuel market. If there happened to be higher 
commercial demand for CO2, the interest in installing CCS would rise since there would be an output 
for the waste. 
Regarding the thermodynamic properties, the requirement of a high pressure in both levels of the 
system is relevant. As a result, it has a very high energy density and specific volumetric capacity and 
the saturation curve is steeper than for other refrigerants; therefore the compressor volumes can be 
smaller, and the dimensions of pipes, valves, etc. will also be smaller. Due to this compactness of the 
inner volume of the system, the high pressures will not lead to higher safety risk compared to other 
conventional working fluids. Moreover, the saturation pressure curve will be steeper than for other 
refrigerants, and inversely the temperature will change less with pressure (see Figure 10), resulting in 
a significant advantage regarding system design and efficiency. 
 
Figure 10: Temperature change with respect to pressure drop. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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The low critical point means that for many applications the fluid has to operate in the supercritical 
region on the high pressure side in order to achieve good efficiencies. Such transcritical processes result 
in a heat release at a gliding temperature via a gas cooler. Then, the compressor operates with lower 
pressure ratio, meaning higher isentropic efficiency. In addition, the supercritical state has a lower 
viscosity and a higher thermal conductivity, both resulting in higher heat transfer therefore 
contributing to an increase of the power factor for a CO2 system. 
When working in a transcritical process, R744 excels for taking the heat into the system at constant 
temperature and giving it out of the system at gliding temperature; then the heat released can be 
reused to heat another fluid (normally water) through a crossflow heat exchanger. Such process is 
shown in Figure 11. 
 
Figure 11: Cooling of the supercritical CO2 in a crossflow gas cooler. 
Source: Compendiums TEP4255 provided by Armin Hafner 
R744 can also be interesting to be used on a classic cycle incorporated on a cascade system, but what 
makes CO2 valuable as a refrigerant is its performance on transcritical cycles. However, the simple 
version of these processes carry a pressure level that is too high in order to achieve a high COP when 
the ambient temperature is over than 30 oC, and therefore are difficult to install in geographical 
locations where the temperature is likely to go higher; more advanced solutions are needed then. 
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2.2.3. Advantages and drawbacks. 
To sum up, the use of R744 has several advantages but also some drawbacks, as presented in Figure 
12. In general, it is an efficient and environmentally friendly candidate for any installation in locations 
where the ambient temperature does not rise too high, as long as the high working pressure is not a 
problem. It is especially interesting if the system is designed to reuse the heat from the gas cooler, as 
the gliding temperature of the refrigerant will help a constant temperature difference for the heat 
exchange with the environment. 
 
Figure 12: Advantages (Green) and drawbacks (Red) of R744. 
2.3. Cold Thermal Energy Storage (CTES) 
The CTESs are a particular kind of Thermal Energy Storages that, instead of holding energy in order to 
use it later, they keep the storage medium at a low energy level. Thus, they store the “lack of energy”; 
and thus a CTES can only be used in systems that ultimately aim to withdraw energy from a medium, 
such as refrigeration systems. 
Therefore, the terms charging and discharging will be used differently for CTES than for other TES; 
charging a CTES means to withdraw heat from the storage medium, while discharging means to 

















GWP and ODP are 0
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2.3.1. Categorization of CTES. 
The CTES systems can be categorized in two different ways. On the one hand, they can be classified in 
two groups regarding the storage material used, which are latent CTES and sensible CTES. While latent 
storages use the heat for phase change of the storage material, keeping the temperature level 
constant, in sensible storages a significant change in temperature can be observed during charging and 
discharging. 
On the other hand, a classification regarding the level of integration of the CTES into the refrigeration 
cycle is possible. Then, the CTES can either be auxiliary, meaning that it only affects the cycle efficiency 
leaving the cooling load in the evaporator unaffected, or fully integrated, meaning that storages are 
connected between the evaporator and the space to be cooled and thus are able to decouple the 
cooling demand from the load on the refrigeration system. [9] 
Regarding integrated storages, it is worth to mention that their role in the cycle changes depending on 
whether the tank is charging or discharging. Since the storage media loses energy during the charging 
process, the tank is therefore working as an evaporator in this mode; the tank can therefore be the 
only evaporator (meaning the refrigeration cycle is only committed to charge the tank) or be in parallel 
with the main evaporator, receiving only a fraction of the refrigerant flow controlled through a valve. 
On the other hand, while the tank is discharging it works as a condenser in the circuit, which again can 
be in parallel with a main condenser (functioning to cover peaks of demand) or be the only condenser. 
2.3.2. Benefits of the use of CTES. 
The use of CTES entails the general benefits of any energy storage system, along with some of its own. 
These benefits are: 
 Detachment of energy consumption from the load: the consumption of electrical energy gets 
independence from the requirements of the load, thus providing grid stability or allowing 
intermittent energy supply such as renewable energy sources. 
 Overall reduction of energy consumption: by charging the storage at favourable boundary 
conditions (mainly meaning a lower ambient temperature), the additional electrical energy 
consumed during charging could be lower than reduced energy consumption during 
discharging. 
 Reduction of energy costs due to the overall reduction of energy consumption or the shifting 
of energy consumption to periods with lower electricity prices. 
 Reduction of undesired operation mode of the compressor. Frequent on/off or part-load work 
can be avoided. 
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 Reduction of peak consumption by discharging the storage at key moments, thus reducing the 
need of electric power by the compressors, pumps and fans, and smoothing the peak 
consumption. This allows a downsizing of the equipment of the system. 
 Backup supply: the storage tank can run the system during short blackouts or technical stops 
of the compressor. 
2.3.3. Thermosiphon Working Principle. 
The heat transfer method that defines the thermosiphon effect is natural convection due to the 
difference in density when the fluid changes the phase: as the fluid evaporates it becomes less dense, 
which will create a density difference inside the system and its heat exchangers. Such density 
difference produces a pressure difference that allows the fluid to run without any other driving force. 
In order to work, the condenser needs to be above the evaporator, with a certain height difference. 
Therefore, the fluid in liquid state will fall from the exit of the condenser towards the evaporator, and 
due to its higher density it will push the fluid in gas state (with lower density) upwards from the exit of 
the evaporator. This makes unnecessary the incorporation of a condenser or a pump in the cycle, which 
means a huge energy saving. 
The driving force of the thermosiphon within the cabinet is the pressure difference between the two 
heat exchangers, and can be calculated by: 
∆𝑝 = (𝜌𝐿 − 𝜌𝐺) ∗ 𝑔 ∗ ∆𝑧 ( 8) 
2.4. Heat transfer. 
In order to design the coil that will serve as a heat exchanger inside the CTES tank, the convective and 
conductive heat transfer between materials needs to be applied. [15]  
2.4.1. Heat conduction. 
Conduction is the transfer of energy due to molecular interactions between neighbouring molecules 
caused by their random motion, and can take place in solids, liquids, or gases, but it does not require 
any macroscopic motion or flow of the substance. It is possible to calculate the heat flux from a single 




 ( 9) 
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2.4.2. Convective heat transfer. 
Convection refers to the heat transport mode in a macroscopically flowing fluid. It is a superposition of 
conductive heat transport in the fluid and the energy transport due to the macroscopic movement of 
the fluid, which includes the transport of enthalpy and kinetic energy. Thus, convective heat flux 
depends not only on material properties, but also on process properties, such as fluid velocity. 
 
Figure 13: Velocity and temperature profile of a fluid running parallel to a wall. 
Source: [15] 
When a fluid temperature TF, a fluid velocity wF parallel to the wall, and a wall temperature TW, will 
result in a velocity and a temperature profile in the fluid near the wall as shown in Figure 13 (being y is 
the direction normal to the wall). It is possible to distinguish two types of convective heat transfer: 
natural convection and forced convection.  
Natural convection happens naturally in an apparently static fluid and is based on buoyancy effects 
that appear in a gravitational field due to density differences in the fluid caused by temperature 
gradient. Regarding forced convection, it happens due to the fluid motion caused by outer forces, such 
as the pressure increase in a pump or a compressor. 
The flow characteristics in forced convection in a pipe are generally described by the Reynolds number:  
𝑅𝑒 =
𝑑 ∗ 𝑤𝑓 ∗ 𝜌
𝜇
 ( 10) 
While the flow characteristics in natural convection are generally described by the Grashof number 
and the Prandlt number: 
Thermal Energy Storage within R744 Refrigeration Systems in supermarkets  
  23 
𝐺𝑟 =
𝐿3 ∗ 𝑔 ∗ 𝜌2 ∗ 𝛽 ∗ (𝑇𝑤 − 𝑇𝑓)
𝜇2




 ( 12) 
Whose product result in the Rayleigh number of equation ( 13): 
𝑅𝑎 = 𝐺𝑟 ∗ 𝑃𝑟 ( 13) 
The convective flux depends on the temperature difference and a heat transfer coefficient, following 
a simple relation: 
?̇? = 𝛼 ∗ (𝑇𝑊 − 𝑇𝐹) ( 14) 
However, the heat transfer coefficient is hard to estimate, since it depends on the temperature and 
velocity profiles in the boundary layer, which can be very complex and even nonstationary, especially 
for turbulent boundary layer flows. Although rough analytical approximations are possible, it is usually 
necessary to determine such coefficient experimentally. For the sake of this project, the analytical 
approach described in the next subsection is used. 
2.4.2.1. Estimation of the convective heat transfer coefficient 
In order to analytically estimate the natural convective heat transfer coefficient, the Nusselt number is 




= 𝐶 ∗ 𝑅𝑎𝑛 ( 15) 
Where C and n are constants, it is possible to solve the equation for 𝛼. 
Regarding the forced convection, a different approach is use, since the specific conditions of 
condensation of developed turbulent flow under the thermosiphon principle will be present. 
Therefore, the convective heat transfer coefficient is determined by: 
𝛼𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 = 0,003 ∗ (
𝜆𝑙𝑖𝑞𝑢𝑖𝑑
3 ∗ 𝑔 ∗ (𝑇𝑊 − 𝑇𝐹)




 ( 16) 
Which, in the case of a curved pipe with cross-section diameter d and curvature diameter D, it is also 
necessary to apply equation ( 17); 
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) ( 17) 
However, in both situations the approach can be inaccurate and in some cases it lets to non-negligible 
errors. Yet, it is considered the best analytical estimation possible, and the error can be reduced by 
including an iterative process in the calculations, as explained in the section 4.4. 
2.4.3. Heat transmission and overall resistances. 
When heat is transferred from a fluid at bulk temperature TF1 to a wall by convection, conducted 
through the wall to the other side, and then transferred to a second fluid at bulk temperature TF2, this 
process is called heat transmission through a wall. The temperature profile for such cases is shown in 
Figure 14. 
 
Figure 14: Temperature profile for heat transmission through the different materials: 
Source: [15] 
Thus, in an analogy with electrical resistances, the individual thermal resistances can be added, 










 ( 18) 
This logic works for any number of layers (either convective or conductive) in parallel, summing all 
together in the same way as equation ( 18). From the resulting resistance, the heat flux can be 
obtained: 
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 ( 19) 
2.5. Fluid dynamics. 
One of the keys of the thermosiphon principle is to have enough height difference between the 
condenser and the evaporator to cover a certain pressure drop, as shown in section 4.5. Therefore, 
such pressure drop needs to be estimated by using fluid dynamics equations. 
2.5.1. Major energy losses: pressure drop in a pipe. 
In a fully developed flow, the major pressure drop is due to the friction of the viscous effects of the 
flow circulation through a pipe. Such pressure drop can be calculated by Darcy-Weisbach equation ( 
20): 
∆𝑝 =
𝜌 ∗ 𝑤𝑓 ∗ 𝐿
2 ∗ 𝑑
∗ 4𝑓 ( 20) 
While for a laminar flow the friction factor f can be linearly defined from the Reynolds number, in a 
turbulent flow the linear approximation is too inaccurate.  
For that matter, equation ( 21) defines the friction factor in a model that works for any Reynolds 
number: 














2.5.2. Minor energy losses: flow fittings. 
Usually the piping systems include more elements other than the pipes themselves; such elements are 
called flow fittings and often have geometries that are not smooth nor straight, and the head loss they 
represent cannot be obtained analytically, but rather from a graphical abacus representing empirical 
results. 
From the abacus shown in Appendix D, it is clear that for small diameters the head loss these elements 
represent is negligible. 
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3. Solutions for CO2 Refrigeration Systems. 
Along this section, a gathering of the technologies that improve CO2 solutions for refrigeration systems 
in a supermarket will be presented, based on the compendiums from NTNU’s course TEP4255. The aim 
is to promote such technologies. 
The technologies will include an explanation of the general trends for designing a refrigeration cycle 
first one by one, and finally introducing real state-of-the-art compositions that achieve high 
efficiencies. 
3.1. Technologies to improve the performance of R744 refrigeration 
systems. 
As this document aims to serve as a furtherance for incorporation of R744 to supermarket refrigeration 
cycle, different solutions that enable the use of CO2.as a working fluid will be explained. The adequate 
system for the installation of each supermarket will depend on the particular conditions and need, 
usually applying different solutions among those depicted here. 
The following sections describe several of the individual elements and strategies that improve the 
efficiency of a refrigeration cycle running with R744, qualitatively explaining how such improvement 
performs and why. 
3.1.1. Subcooling of liquid after the condenser. 
Performing subcooling of the refrigerant after the condenser reduces the expansion loss of the system, 
since the expansion starts at a lower temperature, which results in a smaller entropy difference. 
Moreover, the subcooler also increases the specific refrigeration capacity, and reduces the volume of 
the compressor at a given refrigeration capacity. 
The mass flow of working fluid will be reduced proportionally to the increase in refrigeration capacity, 
thus also reducing proportionally the power consumption of the compressor. This technology has a 
significantly larger impact on the specific refrigeration capacity when R744 is used as its processes are 
usually close to the critical point 
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Figure 15: Scheme of a refrigeration cycle including a subcooler. 
Source: Compendiums TEP4255 provided by Armin Hafner 
 
Figure 16: T-S diagram of a refrigeration cycle including a subcooler 
Source: Compendiums TEP4255 provided by Armin Hafner 
Usually refrigeration systems have the evaporator installed at a higher level than the condenser, which 
is usually in the machine room. Since temperature of the working fluid at the output of the condenser 
is close to the boiling point, the height difference results in a pressure drop that can make the fluid to 
start boiling in the pipe. The two phase flow resulting of such pressure drop will harm the expansion 
valve at the inlet, and therefore must be avoided by subcooling the refrigerant between the condenser 
and the expansion valve. 
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3.1.2. Two stage compression. 
When compression is done in two stages and a gas cooler is included between them, the superheat 
loss is significantly reduced. This happens because then the temperature of the inlet of the second 
compressor is reduced, thus reducing the compression work since it depends on the inlet temperature 
of the gas. The work saved is graphically shown in Figure 17. 
 
Figure 17: Detail of the superheat losses avoided by including a two stage compression 
Source: Compendiums TEP4255 provided by Armin Hafner 
Also, the pressure ratio of the compressors is reduced since it happens in two stages. This also creates 
an improvement on the isentropic efficiency of the compressors, carrying further energy saving. 
 
Figure 18: Scheme of a refrigeration cycle including two stage compression. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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Figure 19:  T-S diagram of a refrigeration cycle including two stage compression. 
Source: Compendiums TEP4255 provided by Armin Hafner 
3.1.3. Economizer. 
As a combination of the two previous technologies, the economizer solution deviates part of the flow 
from the outlet of the condenser to a medium pressure level, and it is used to perform the subcooling. 
Then, the expansion loss is reduced, as well as the superheat loss. 
 
Figure 20: Scheme of a refrigeration cycle including an economizer. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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Figure 21: T-S diagram of a refrigeration cycle including an economizer. 
Source: Compendiums TEP4255 provided by Armin Hafner 
The solution can also be implemented by using a screw compressor, which allows the medium pressure 
flow into the compressor through a borehole while it works at a higher pressure. This does not reduce 
the superheat loss, although the screw compressors can have a higher isentropic efficiency thus 
covering for this drawback. 
 
Figure 22: Scheme of a refrigeration cycle including an economizer with screw compressor. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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Figure 23: T-S diagram of a refrigeration cycle including an economizer with screw compressor. 
Source: Compendiums TEP4255 provided by Armin Hafner 
3.1.4. Two stage expansion and parallel compression. 
In large systems it is beneficial to perform the expansion in two stages, in combination with parallel 
compression. Through this solution, the expansion loss decreases since the vapour fraction at 
intermediate pressure can be separated and compressed separately by the extra compressor. The 
mass flow of the main compressor is therefore reduced, thus reducing the compressor volume and 
work proportionally. 
 
Figure 24: Scheme of a refrigeration cycle including two stage expansion. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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Figure 25: T-S diagram of a refrigeration cycle including two stage expansion. 
Source: Compendiums TEP4255 provided by Armin Hafner 
This solution is especially beneficial for CO2 because the high pressure side is close to critical pressure; 
then the expansion loss and the vapour fraction would be large. 
3.1.5. Ejector. 
By replacing the expansion valve with an ejector, the fluid flow coming from the condenser expands in 
the motive nozzle, thus entraining a low pressure suction stream from the evaporator. Both streams 
enter the mixing section of the device, where they exchange momentum, kinetic and internal energies 
and become one stream with almost uniform pressure and speed. The stream converts its kinetic 
energy into internal energy in the diffuser zone in order to reach a pressure that is higher than the inlet 
pressure of the flow of the evaporator was. 
The two phase flow at the outlet of the ejector ends up in a separator were the liquid will returns to 
the evaporator and the vapour is compressed and delivered back to the condenser. In order for the 
ejector to work, the pressure of the evaporator must be lower than the inlet pressure in order to 
suction it. Therefore the liquid must be expanded at the inlet of the evaporator, thus the pressure in 
the evaporator is lower than in the separator. 
 
  Memory 
34   
 
Figure 26: Above, cross section of an ejector. Below, the velocity profile of the fluid when passing through the ejector. 
Source: Compendiums TEP4255 provided by Armin Hafner 
 
Figure 27: Scheme of a refrigeration cycle including an ejector. 
Source: Compendiums TEP4255 provided by Armin Hafner 
 
Figure 28: LogP-H diagram of a refrigeration cycle including an ejector. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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The benefit of the ejector system is that the expansion loss can be used to lift the inlet pressure of the 
compressor, and this has a potential to increase the COP because such expansion loss is reused. 
3.1.6. Cascade systems. 
A cascade arrangement allows working with larger temperature differences while still being able to 
have acceptable pressure levels along the whole system. This is achieved by using different working 
fluids in each of the cycles of the cascade, which are connected through a common heat exchanger 
between each step. Such heat exchanger serves as the evaporator of the high pressure cycle and as 
the condenser of the low pressure cycle. 
 
Figure 29: Scheme of a refrigeration system with two cycles arranged in cascade. 
Source: Compendiums TEP4255 provided by Armin Hafner 
The temperature difference between the fluid in the common heat exchanger is calculated based on a 
middle temperature (Tm on Figure 30), so that there can be a heat flow in the correct direction. 
 
Figure 30: T-S diagram of two refrigeration cycles of a cascade system. 
Source: Compendiums TEP4255 provided by Armin Hafner 
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However, the cascade system includes a heat exchanger between the two cycles that increases the 
overall energy consumption of the total system, but this usually affects less the COP than the low 
isentropic efficiency due to extreme pressure differences; in general both cases must be studied in 
order to choose the arrangement with the highest COP. 
3.2. Integrated system solutions. 
The combination of the technologies previously described is already being used in many supermarkets 
around the world. Still, the research and development related to R744 refrigeration systems keeps 
going. Along this section some state of the art solutions devised by Armin Hafner in his latest 
publication. [5] 
The systems depicted along this section aim to integrate the demands for heating in winter, hot water, 
air conditioning and refrigeration of supermarkets. 
3.2.1. Systems for warm climates. 
The system on Figure 31 allows to cover the demand for heating in winter, while it allows R744 to work 
under conditions that allow its implementation in warm climates such as those found in Southern 
Europe. 
According to the original publication, “The heat rejection and heat recovery part of the system is 
divided into two sections. The right-hand side is devoted to operations outside the summer season, 
with the gas cooler designed to reject the heat form both LT and MT cooling demands. In case of 
domestic hot water demand the heat recovery has priority, i.e. less or no heat is rejected to the 
ambient. The left-hand side is devoted to the extreme climate conditions occurring during the hottest 
and coldest days of the year. The heat recovery unit provides heated water to the heating system of 
the building during wintertime. The exterior heat exchanger is operated as an ambient air evaporator, 
i.e. air is the heat source for the heat pump function. The AC Multi Ejector sucks all the mass flow rate 
from the exterior heat exchanger. Since the ambient temperatures in these regions are seldom below 
0 °C, the pressure in the separator providing the liquid to the evaporators can be kept above 38 bars, 
allowing a safe supply of liquid refrigerant also during heat pump operation. When AC is required, the 
exterior heat exchanger is the main heat rejection device (gascooler) for the parallel (AC) compressors. 
Beside evaporative cooling (Visser 2015) an auxiliary heat sink could be applied to further reduce the 
refrigerant temperature upstream of the high side pressure control devices, for example Multi Ejectors, 
during the warmest hours of the day. In the shown example, the water of the fire water tank is applied 
as auxiliary heat sink. The temperature of the fire water can be reduced during night hours with a dry 
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cooler, e.g. by recycling the condenser of the previous HCFC system, which is successfully replaced by 
the integrated CO2 unit.” [5] 
 
Figure 31: Scheme of an integrated solution for refrigeration and HVAC for supermarkets in warm locations. 
Source: [5] 
3.2.2. Systems for cold climates. 
The system shown in Figure 32 allows providing useable heat while covering the demand for 
refrigeration of a supermarket located in cold climates such as Nordic Europe. 
According to the original publication, “Low ambient temperatures can be a challenge for traditional 
CO2 booster systems, when the CO2 temperature downstream of the heat rejecting devices becomes 
lower than 5 °C. Since this temperature represents the saturated temperature inside the separator at 
40 bar. If the refrigerant temperature upstream of the separator drops below the saturation 
temperature, the pressure inside the separator is reduced due to partial condensation of the vapour 
inside the separator. Therefore, extra safety measures have to be taken and implemented to protect 
the separator pressure, which secures the liquid supply to all evaporators. However, this again reminds 
of the pressure maintenance actions required for HFC systems. To avoid the system to be dependent 
on the separator pressure a so-called winter mode upgrade is proposed. When the ambient 
temperature is below a certain value, the separator is taken out of the main system circuit, i.e. the 
liquid refrigerant downstream of the heat rejection devices is directly supplied to the evaporator 
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feeding valves, like in traditional subcritical systems. The main controller operates the total opening of 
all feeding valves to maintain a certain and safe high side pressure. If the amount of refrigerant in the 
circuit is insufficient, for example detected by continually superheated evaporator outlet conditions 
and the absence of a liquid level in the MT-accumulator, liquid refrigerant is supplied from the bottom 
part of the separator back into the main circuit. On the other hand, if the refrigerant level is too high, 
vapour is rejected into the separator by opening intervals of one of the motive nozzle valves inside the 
multi ejectors, or another high-pressure control device upstream of the separator.” [5] 
 
Figure 32: Scheme of an integrated solution for refrigeration and HVAC for supermarkets in cold locations. 
Source: [5] 
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4. Design of a Cold Thermal Energy Storage tank. 
For an improvement in the efficiency of any refrigeration cycle, a storage element can be added. In 
order for the solution to be easily and cost effectively implemented into an already existent system, an 
integrated CTES tank is considered rather than an auxiliary type. In addition, latent storages have higher 
energy density, and thus a phase changing storage element will be considered. 
Such CTES tanks can be fitted above the cabinets in a supermarket, since that space is generally unused, 
and therefore the Thermosiphon Working Principle can be applied due to the height difference. In 
order for the CTES to be adaptable, it is designed as a modular arrangement of tanks that can fit any 
refrigeration system regardless of the dimensions of the cabinet or its cooling load. This means that 
several tanks may be needed for a cabinet. Along the following subsections, the design process of such 
modular storage element will be explained. The physical properties of Ice are obtained from The 
Engineering ToolBox [16] 
The full design process is depicted along this section, and the same solution can be implemented to 
almost any refrigeration cycle. 
4.1. Design process initial statements. 
Several points need to be determined before any calculation: 
 As previously said, a latent CTES is considered, yet the Phase Change Material still needs to be 
determined. The decision is to choose water as PCM because it is easily available anywhere, 
cheap, and provides flexibility for the Phase Change Temperature by adding common NaCl, 
which is also easily available and cheap. This means that, if a cabinet has different working 
temperatures than those considered for this design, there is no need to redesign the tank since 
it can be adapted by changing the amount of salt and thus the PCT of the storage medium as 
shown in Table 1. By an interpolation of such table, the properties of any composition can be 
obtained. 
 
 Circular coils in a cylindrical tank are well known to be the most efficient for both heat transfer 
and space, and therefore such arrangement is considered for the design. This is an especially 
convenient arrangement for latent CTES, since it allows ice to expand concentrically to the coil 
tube eventually creating a cylinder of ice that will then grow; if any arrangement of more than 
two parallel tubes would be implemented, water would be trapped between the tubes causing 
breakage when it freezes due to the volume expansion. 
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0 0 0,999 333,5 0,591 
8 -5,08 1,056 325 0,548 
14 -9,94 1,101 319 0,533 
Table 1: Properties of water for different compositions of NaCl salt. 
Source: [11] 
 In order to have higher and better-distributed heat transfer, several coils with different 
diameters should be installed. However, that would imply different tube lengths in each of the 
coils, and therefore different pressure drops along them, which would affect negatively the 
Thermosiphon Working Principle. Therefore, in order to make the pressure drop along each 
tube as similar as possible, an arrangement of three coil tubes crisscrossing while varying the 
diameter of each turn is considered. The sequence is shown in Table 2, where two coils switch 
place every turn until each of the tube numbers passes through each diameter the same 
amount of times. 
 
 Outer diameter Middle diameter Inner diameter 
First coil turn Tube 1 Tube 2 Tube 3 
Second coil turn Tube 2 Tube 1 Tube 3 
Third coil turn Tube 2 Tube 3 Tube 1 
Fourth coil turn Tube 3 Tube 2 Tube 1 
Fifth coil turn Tube 3 Tube 1 Tube 2 
Sixth coil turn Tube 1 Tube 3 Tube 2 
Table 2: Scheme of the arrangement of the coil tubes. The distribution can be repeated any multiple of six times in series. 
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 In order for the Thermosiphon Principle to work, it is necessary to change the flow direction 
of the charging and the discharging processes. The details are shown in Figure 33, where a 
CTES tank (1) is placed on top of the cabinet it supplies. The evaporator is placed at the bottom 
of the cabinet (2) and includes a fan to enhance heat exchange (3). The key for the 
thermosiphon to work are the valves (4,5,6,7 and 8) that control the circuit. The two valves 
that connect the cabinet and CTES to the rest of the cycle (4 and 6) allow to cut off such 
connection, allowing the thermosiphon principle to work. The valves connected to the tank (7 
and 8) allow to change the flow direction through the coils of the CTES, which serves as an 
evaporator during charging and as condenser during discharging 
 
Figure 33: Flow of the refrigerant in: a) charging mode and normal operation, b) normal operation only, c) charging mode 
only, d) discharging by thermosiphon circulation. 
Source: [11] 
 For safety reasons, the tank will be designed in a way that a water layer is present between 
the ice and the tank at any time, thus avoiding the breakage of the tank due to a sudden 
expansion of the ice. This will determine the distance between the outer coil tube and the tank 
surface, since a certain amount of heat transmission is needed to maintain the water layer. 
However, this will create a buoyancy force that the coil welds will need to hold, since the ice 
will be submerged in water. 
 
 The amount of liquid water filled inside the tank needs to be calculated based on its volume 
on solid phase, so the tank does not explode due to expansion. For this matter, it is also 
important that the inner diameter of the coil is wide enough to remain unfrozen until the end 
in order to act as a chimney. 
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 The depth of water layer between the ice and the tube in the inner part of the tank determines 
the distance between each of the different diameters of the coils by analysing the discharging 
process. 
 
 When elaborating the Excel template that carry out the calculations, the most common 
materials (RockWool for insulation, Copper for tubes, Plastic for the tank) are considered for 
the thermal conductivities; they can easily be changed in the template. 
 
 A first draft of a 3D model is developed via SolidWorks in order to provide graphical aid to the 
design process. This 3D model will later be adjusted to the results and will become the source 
of the drawings of the tank. 
 
Figure 34: First Draft of the 3D model. Right: Front view. Left: Top view. (Not scaled) 
4.2. Water layer in contact with the tank wall. 
As previously stated, there should be a water layer between the tank and the ice at any time, which 
means that the heat flow from the outside of the tank should be enough to keep the temperature of 
that layer over the freezing temperature even when the tank is charging and the refrigerant flow is 
maximum.  
This need sets the distance between the coil and the tank wall, as well as the depth of the insulator 
around the tank, which is chosen to be RockWool for its easy availability. To calculate these distances 
it is necessary to apply a similar model as shown in Figure 14, with heat flowing towards the inside of 
the tank. This heat flow determines the losses that the tank will suffer, and is set to a value of 35 W/m2 
as a starting point. 
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Known the heat flow, the thermal conductivities of the materials and some thicknesses and 
temperature differences, it is possible to calculate the different layer depths of each material building 
a system of equations from equations ( 18) and ( 19).  
First, as the thickness of the tank surface is known, its thermal resistance is calculated straight forward 
with equation ( 22). In the case of the ice, the temperature difference in known beforehand as the 
melting temperature is constant, and from the stablished heat flow the thickness can also be calculated 










𝑑𝑖𝑐𝑒 = 𝜆𝑖𝑐𝑒 ∗ 𝑅𝑖𝑐𝑒 
( 24) 
Regarding the water layer, it is necessary to take in account the heat transfer coefficient due to natural 
convection to calculate the thermal resistance. It is done by using equation ( 15) taking C as 0,1 and n 
as 1/3 [17]. Equation ( 25) shows the calculation. 
𝛼𝑤𝑎𝑡𝑒𝑟 = (
0,1 ∗ ℎ𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑛𝑘












Outside the tank, the air also presents a natural convective air transfer coefficient. Considering that 
the air is completely still, this coefficient is taken from an experimental value to be 10,45. [18] 
Finally, the thermal resistance of the Rockwool insulation can be determined with the thermal 
resistances of all the other materials, for the given heat flow and the design ambient temperature and 




− 𝑅𝑤𝑎𝑡𝑒𝑟 − 𝑅𝑖𝑐𝑒 − 𝑅𝑡𝑎𝑛𝑘) ∗ 𝜆𝑖𝑛𝑠𝑢𝑙 ( 27) 
The calculations are carried out with an Excel sheet, which is shown in the Appendix E1. The inputs and 
outputs are marked and the equations are applied as explained before. 
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4.3. Distance between coils. 
In order to determine the distance between each of the coils in a horizontal plane, it is necessary to 
analyse the heat flow during the discharging process. The distance between the tubes can be arranged 
from a linear analysis of the heat flow from the ice to the coil some time after the discharging process 
has begun. Then, part of the ice has melted and there is a water layer that due to its lower thermal 
conductivity and its lower temperature hinders the heat transfer. Therefore, the coils need to be close 
enough to set the heat transfer to a reasonable value even until moments after the tank becomes 
completely discharged, when the last piece of ice melts between the tubes at the different diameters. 
The model followed for this matter is again that constituted by equations ( 18) and ( 19) in a linear heat 
exchange. The calculation is done by equation ( 37) of the iterative process, although an initial value is 
needed. For such initial value, the heat transfer coefficients of the refrigerant inside the tube and the 
water outside it are neglected, taking both materials as static and therefore using only the thermal 





− 𝑅𝑐𝑜𝑝𝑝𝑒𝑟 − 𝑅𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡) ∗ 𝜆𝑤𝑎𝑡𝑒𝑟 ∗ 2 ( 28) 
The output of equation ( 28) sets the distance between the tubes of the coils, and knowing that the 
inner diameter should have twice this distance in order to create a chimney (see section 4.1), all the 
diameters are known from there. 
Although this calculation is after all included in the iterative process described in the next section (or 
rather stablishes a second parallel iterative process), it needs to be mentioned specifically as the 
distance between coils determines each of the diameter levels and therefore are the starting point for 
the pressure drop and the refrigeration capacity calculations. 
4.4. Tube diameter and length. 
The main body of the design of the coil is the iterative process followed in order to determine the 
proper length, diameter and shape of the coil, while achieving good values for heat flow and pressure 
drop. This is calculated based on the conditions of the discharging of the tank, since it is the critical 
operation.  
The coil, as explained before, has a varying diameter and a certain height difference between turns. In 
order to avoid differential equations, an engineering approach is considered, where the coil has a 
repeating geometry based on five different diameters, each of which is constant for half turn. This 
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means that, following Table 2, there are each of the main diameter levels (big, medium and small) and 
then two more levels corresponding to the transitions between them. From chapter 4.3 the starting 
diameters are set, and based on equation ( 2) a mass flow rate is calculated from an initial guess of the 
refrigeration capacity. These initial values will be changed over the iterative process until the final result 
for the refrigeration capacity equals the initial guess. 
The calculations are also mirrored considering several tube diameters in order to see the variation of 
the properties of the coil in this aspect. When the values finally converge, it is necessary to make a 
revision of the heat transferred when the tank is almost discharged and if the value is not high enough, 
the distance between coils must be rearranged as explained in chapter 4.3, the iteration starts again. 
The first step is to calculate the heat exchange surface based on the perimeters of each half turn for 
each cross section area of the coil tube through equation ( 29). From there, the share of the total 
surface that each half turn has can be obtained comparing each local area to the total. 
𝑆𝑒𝑥𝑐ℎ𝑖 = 2 ∗ 𝜋 ∗ 𝑑𝑡𝑢𝑏𝑒 ∗ 𝜋 ∗ 𝐷𝑐𝑜𝑖𝑙𝑖 
( 29) 
As the fluid is changing phase inside the coil, its density keeps changing during the course. Therefore, 
it is fair as an initial assumption to consider that the share of the total surface of each half turn equals 
the proportion of the total density increase that will take place in such half turn, as the heat exchange 
is directly proportional to the exchange surface (see units of heat flux q and refrigeration capacity Q) 
and the increase in density is also directly proportional to the heat exchange (from the definition of 
vapour fraction). Although this is not accurate since in fact the change in fluid velocity and the two 
phase flow break the proportionality explained before, the uncertainty will be corrected further in the 
iterative process, and is good enough for a first approach. Then, the vapour fraction of each half turn 
can be obtained. 
The next step is to calculate the fluid velocity in each half turn of each coil for each tube diameter, 
based on the considered mass flow rate, the vapour fraction (which reflects the density difference) and 







𝐴𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑥𝑖 ∗ (𝜌𝐿 − 𝜌𝐺)
 ( 30) 
 Once known the velocity the Reynolds number can be obtained applying equation ( 10), considering 
the same vapour fraction for calculating the other properties of the fluid: 
𝑅𝑒𝑖 =
𝑑𝑖 ∗ 𝑤𝑓𝑖 ∗ 𝜌𝑖
𝜇𝑖
 ( 31) 
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Finally, the heat transfer coefficient (equations ( 32) and ( 33)based on ( 16) and ( 17)) and the major 
pressure loss (equations ( 34) and ( 35) based on ( 20) and ( 21)) can be obtained after the Reynolds 
number. 
𝛼𝑠𝑡𝑟𝑎𝑖𝑔ℎ = 0,003 ∗ (
𝜆𝑙𝑖𝑞𝑢𝑖𝑑
3 ∗ 𝑔 ∗ (𝑇𝑊 − 𝑇𝐹)




 ( 32) 




) ( 33) 
∆𝑝𝑖 =
𝜌𝑖 ∗ 𝑤𝑓𝑖 ∗ 𝜋 ∗ 𝐷𝑐𝑜𝑖𝑙
2 ∗ 𝑑𝑡𝑢𝑏𝑒
∗ 4 ∗ 𝑓𝑖 ( 34) 















From the heat transfer coefficient the total heat flow is calculated with ( 36), which is compared to the 
initial value of heat flow in order to begin the calculation process again. As explained before, the heat 
flow is calculated at the initial moment of the discharging process as well as at moments before 
discharging, when the heat flow will be lower due to the presence of water, so that the distance 
between the coils are surely enough. For the last case, the water thermal resistance must be taken in 



















The whole iteration is done by building an Excel sheet that automatically goes through all the 
calculation and gives a result value for the total heat flow, which is then manually introduced in order 
to recalculate the initial mass flow rate. This is repeated until the value converges for each diameter of 
the tube, obtaining then the total heat flow that the coils can achieve for the conditions depicted. 
The tables with the calculations from the Excel sheet can be found on Appendix E2. The values of the 
properties of R744 at any conditions are obtained with RnLIB, an Excel function developed by SINTEF. 
The instructions of RnLIB can be found in Appendix F. 
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4.5. Height difference for thermosiphon principle. 
The model to calculate the pressure drop across each coil is made under the assumptions of developed 
flow along the whole length, while the fluid varies from turbulent to laminar in each coil as the fluid 
changes phase and therefore slows down. 
From equation ( 8) and with the major pressure loss inside the tank calculated in chapter 4.4, it is only 
necessary to estimate the loss in the cabinet, as the minor losses due to the valves are negligible as 
said in chapter 2.5.2.The necessary height difference in order for the Thermosiphon principle to work 
is calculated as shown in equation ( 38). 
∆𝑧𝑖 =
∆𝑝𝑖
(𝜌𝐿 − 𝜌𝐺) ∗ 𝑔𝐿
 ( 38) 
Regarding the cabinet losses, the value for the losses is taken from advice from the experience of the 
operation of the cabinet at SINTEF laboratory. The results are shown in Appendix E2. 
The pressure drop has little variations from one coil to another despite having the same length, and 
there are two reasons for that: on the one hand, the engineering approach carried out leads to 
uncertainties as it is done every half turn instead of infinitesimally, and on the other hand the two 
phase flow running through changing diameters makes the pressure drop uneven. 
4.6. Proposed solution. 
After performing the iterative process, a result is obtained for each diameter of the tube. During the 
calculation, the freezing temperature is set to -3oC and the charging and discharging temperatures of 
the refrigerant to -5 oC and -1 oC respectively. Annex E shows all the details of the inputs and outputs 
of the calculations. 
The diameter levels of the coils result to 540mm, 360mm and 180mm from outer to inner, and 
therefore the transition diameters are 225mm from big to middle and 115mm from middle to small. 
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including cabinet [m] 
8 967,71 326,73 3,21 1,276 
10 1408,44 422,41 4,51 0,973 
12 1934,17 520,69 6,02 0,889 
14 2547,97 620,99 7,75 0,860 
16 3251,91 722,89 9,70 0,848 
18 4047,81 826,10 11,88 0,842 
20 4937,33 907,59 14,29 0,840 
Table 3: Results for the working conditions of each diameter. 
Tank Dimensions [mm] 
Height 804 
Base / Diameter 838 
Thickness (d_tank) 5 
Table 4: Tank dimensions. 
Despite having the lower heat exchange and the highest pressure losses, a 8mm tube is taken in 
account from this point on, since it is the easier to handle and bend when building the tank (see chapter 
5). Table 5 shows further information about data of the tube used during the design and manufacture. 
 
Coil tubes dimensions 
Coil length 7,244 meters 
Coil Diameter 9,525 mm 
Tube wall 0,81 mm 
Inner Diameter 7,905 mm 
Exchange surface 0,180 m^2 
Table 5: Details of the dimensions of the coil tubes used 
After the outcome, the initial 3D model (see chapter 4.1) is adapted to represent the results in order 
to become the final 3D model. From there, the drawings shown in Annex G are obtained and the tank 
is fully dimensioned and ready to be built. A screenshot from SolidWorks of the final tank is shown in 
Figure 35. 
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Figure 35: The CTES tank modelled with SolidWorks. 
4.6.1. Tank characteristics. 
With the tank fully dimensioned, several aspects need to be taken in account. The first one is the 
amount of water-brine (already with the composition of 4,72%wt of NaCl) that must be filled in the 
tank, which can be calculated from the volume of the tank minus the space occupied by the coils as 
shown in equation ( 39) This has to be done taking in account the change in volume due to the phase 
change, so part of the tank will be empty at the beginning (see equation ( 40)). 
𝑉𝑤𝑎𝑡𝑒𝑟 = (𝑅𝑡𝑎𝑛𝑘
2 ∗ 𝜋 ∗ ℎ𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑛𝑘 − 𝐿𝑐𝑜𝑖𝑙 ∗ 2 ∗ 𝜋 ∗ 𝑟𝑡𝑢𝑏𝑒) ∗
𝜌𝑖𝑐𝑒
𝜌𝑤𝑎𝑡𝑒𝑟
 ( 39) 
%𝑉𝑓𝑟𝑒𝑒 = (1 −
𝑉𝑤𝑎𝑡𝑒𝑟
(𝑅𝑡𝑎𝑛𝑘
2 ∗ 𝜋 ∗ ℎ𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑛𝑘 − 𝐿𝑐𝑜𝑖𝑙 ∗ 2 ∗ 𝜋 ∗ 𝑟𝑡𝑢𝑏𝑒)
) ∗ 100 ( 40) 
In addition, it is important to take in account the buoyancy force wielded by the ice into the coils. When 
the tank is fully charged a block of ice will be static submerged in water, held by the junctures of the 
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coils. Those junctures must therefore be able to stand the effort. Known the depth of the water layer 
surrounding the block of ice (section 4.2), the buoyancy force can be calculated by equation ( 41), and 
from there the torque applied to the junctures by subtracting the weight of the ice to the buoyancy 
force as shown in equation ( 42). 
𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = (𝑟𝑡𝑎𝑛𝑘 − 𝑑𝑤𝑎𝑡𝑒𝑟)
2 ∗ 𝜋 ∗ (ℎ𝑒𝑖𝑔ℎ𝑡𝑡𝑎𝑛𝑘 − 2 ∗ 𝑑𝑤𝑎𝑡𝑒𝑟) ∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝑔  ( 41) 
𝜏𝑗𝑢𝑛𝑐𝑡𝑢𝑟𝑒 = (𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 − 𝑊𝑖𝑐𝑒) ∗ 𝑟𝑡𝑎𝑛𝑘 ( 42) 
The energy that the CTES can store can be calculated, as it is a latent storage, from the amount of water 
filled and the enthalpy difference resulting from the phase change: 
𝐸𝑠𝑡𝑜𝑟𝑒 = 𝑉𝑤𝑎𝑡𝑒𝑟 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ ∆ℎ𝑆𝐿𝐻 ( 43) 
Then, taking in account the mean heat flux through the coils, the time the CTES can work when it is 
fully charged can be calculated (equation ( 44)). In addition, the time the energy can be stored can also 
be calculated from the losses through the tank wall (equation ( 45)). 
𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝐸𝑠𝑡𝑜𝑟𝑒











 ( 45) 
The results for these calculations are shown in Table 6. 
 
Results 
water amount 394,81 litres 
Free space (% of height) 11 % 
Buoyancy force 3958,12 N 
Juncture torque 180,93 N 
Energy stored 133923,31 kJ 
Discharging time (1 kW load) 37,2 h 
Storage time (full-empty) 20,92 days 
Table 6: Calculations of the characteristics of the tank 
The tank has a volumetric energy density of 0,1 kWh/l, which is a low value compared to other energy 
storage technologies. However, the space is not an issue since the tanks will be placed avobe the 
cabinets. 
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4.7. Variations. 
As the aim of this project is not to simply design a single unit of the tank, but rather create a design 
procedure that fits any need for operational conditions, the design is easily adaptable. The Excel 
template developed is provided to NTNU for further work. On the template, the working temperatures 
can be rearranged, as well as the properties of the materials in case different ones want to be used. 
In case of a need for more refrigeration capacity, apart from installing a tube with bigger diameter, it 
is recommended to set more tanks in parallel (since the model is meant to be a modular unit) or even 
build more series of the coil diameter sequence, rather than changing the dimensions of the tank itself. 
Figure 36 and Figure 37show possible changes in the design that can be easily implemented. 
 
Figure 36: 2 series of coils with 20mm tube. 
 
Figure 37: 1 series of coils with 20 mm tubes. 
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4.8. Operation and control strategies. 
The operation of a refrigeration system including a CTES element is the key for such energy storage 
elements to be worth installing; the strategies for operation and control of the system need to adapt 
to the presence of CTES. The COP of a refrigeration system falls as the ambient temperature rises, thus 
needing a higher condensation temperature achieved by an increase in the working pressure; 
ultimately, the compressors need to put more work into the system when the ambient temperature 
rises (see Figure 40). Therefore, if the load can be shifted to periods of the day when the ambient 
temperature is lower, the overall energy consumption would decrease. 
During a considerable amount of time the refrigeration systems of supermarkets work under 50% of 
their installed capacity, as the door of the cabinets are not opened outside of working hours. Those 
periods are usually during night, thus creating a good opportunity to shift the load from peak 
consumption towards the periods where the conditions are favourable thus having a higher COP of the 
system. 
In addition, most supermarkets install a series of compressors to run their refrigeration systems, rather 
than just one. Usually, one of those compressors can be regulated via a frequency converter while the 
rest work at start/stop mode. With CTES, the frequency converter of the system can be supressed thus 
good automatic control of the cycle through the valves is key.  
Due to the application of the thermosiphon principle, the CTES will work autonomously during 
discharging, self-regulating the mass flow according to the conditions in the tank and in the load. 
However, as the ice melts, the heat flow will decrease (see chapter 4.4), and thus the pressure needs 
to be lowered through the valves. 
4.8.1. Charging strategies 
The different charging modes that would make the installation of CTES valuable will be described in 
the subsequent sections. 
4.8.1.1. Parallel tank and cabinet. 
In general, it is better for a compressor to have a steady constant workload, but as the refrigeration 
load is not constant, this is not achieved. By installing the CTES units in parallel with the evaporator at 
the cabinets, part of the mass flow can be deviated to charge them, and therefore the mass flow 
through the cabinet can be regulated trough the valves without affecting the workload of the 
compressors, thus being possible that the compressors work with a constant load and on start/stop 
mode for all of them. 
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A control system must then be installed on the valves, which substitutes the control of the power input 
of the compressors (that is now constant). This control system regulates the fraction of the total mass 
flow provided by the compressors that flows through the cabinets in order to satisfy their demand for 
refrigeration at any time, while deviating the excess to the CTES. The compressors then work with a 
constant workload making it possible to charge the CTES units at night where the conditions are most 
favourable. 
4.8.1.2. Only cabinet. 
When the refrigeration load becomes higher than the constant working value (i.e. for the peak 
demand), the compressor must then supply only the cabinet, and then it must be controlled again in 
order to regulate the mass flow. The tank must then be static and does not affect the system. However, 
the cases when this will happen are rare, and it can be avoided through installing a bigger tank that 
supplies the peak demand as explained previously.. 
This would happen also when the tank is fully charged and all the mass flow goes through the cabinet, 
but in such cases it is recommended to turn off the compressor and start discharging the tank rather 
than isolate the tank and supply the cabinet with the main cycle. 
4.8.1.3. Only tank. 
If the cabinet is well isolated and it has a big thermal mass inside, it is possible that it does not require 
refrigerant flow for a certain amount of time. In those cases, instead of turning off the compressor, the 
flow can be deviated to charge the tank only. Then, it is avoided to have the compressor working on 
start/stop for long periods, which increases the power consumption. 
4.8.2. Discharging strategies. 
While there are several charging modes, the tank can only be discharged when it is isolated from the 
refrigeration cycle, as it works with the thermosiphon working principle; the tank cannot act as a 
parallel condenser because when the compressor is working the thermosiphon circulation is broken. 
Therefore, the tank cannot supply refrigerant to the cabinet in parallel to the compressor flow, and it 
is not able to cover up for the peak demand in this way as it was deduced from section 2.3, which 
would imply a downsize of the compressor and a reduction in installation costs for the cycle. However, 
it is possible to achieve such reduction anyway; in order to make up for this drawback of the 
thermosiphon principle, the tank can be dimensioned (see chapter 4.7) so that it can provide more 
mass flow of refrigerant than the compressor when it works at a constant load, thus being able to take 
care of the peak demand by itself. 
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This is a viable solution when the peak demand is short in time, especially in big supermarkets with 
several cabinets where each cabinet has its own tank on top, as they can be cut off from the main cycle 
individually. Therefore, when the peak demand happens it means a significant difference from the 
standard working conditions of the compressor but a small difference if the demand is decentralized 
and is supplied to each cabinet individually by its own tank. In most cases, a slightly bigger tank is 
cheaper than bigger compressors or a bigger amount of compressors; then, the tank must be 
dimensioned to cover the peak demand and the compressor is dimensioned with lower size to charge 
the tank slowly. 
In general, the tank should enter the discharging mode in three different scenarios, while it is assumed 
to be charged at night when the system has higher COP: 
 The tank becomes fully charged. 
 There is a need for a technical stop of the main refrigeration cycle. 
 To cover the peak demand (if dimensioned to do so). 
4.8.2.1. Alterations during discharging. 
While the tank is going through the discharging process, the ice it contains melts, thus creating a water 
layer that hinders the heat transfer from the refrigerant to the ice. As a result, the initial conditions at 
which the refrigerant is inside the tank (which serves as the condenser during the discharging process) 
must vary, since both equations ( 5) and ( 19) must hold, and since the resistance increases, the heat 
flow decreases accordingly.  
Therefore, as the system is working under the thermosiphon principle, it is required that the fluid 
condensates along the coils, and therefore it will need to regulate the mass flow and the temperature 
of the refrigerant to adjust to the heat flow at any moment. On the one hand, if the refrigerant is 
maintained at the same temperature, the heat exchange will be smaller as the thermal resistances 
inside the tank increase, and therefore the mass flow must be smaller for it to completely condensate.  
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Figure 38: Decrease of mass flow for each diameter (t=end) 
On the other hand, in order to keep the mass flow constant, the refrigerant temperature must be 
increased to enlarge the temperature difference with the ice thus enhancing the heat flow through the 
coils. However, with a higher refrigerant temperature the cabinets will also increase its temperature 
or lower the heat flow from the evaporator to the refrigerated space. 
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Diameter of the tube.
Increase in temperature difference (Tice-Tice) to keep the 
mass flow constant at t=end.
  Memory 
56   
At the end, in both cases, the evaporator will experience a decrease in refrigeration capacity while the 
tank discharges, since either a lower mass flow or higher temperature of the refrigerant would mean 
a lower heat flow. Further calculations are shown in Appendix E2. In practice the tank would work at a 
point between the higher and lower mass flow rate decrease and between the higher and lower 
increase in temperature difference (that is, for each given diameter). 
In order to allow the thermosiphon to regulate the temperature of the refrigerant, the system must be 
controlled in order to increase the pressure of the system when necessary to be able to put the fluid 
back to the two phase flow; otherwise the refrigerant will remain liquid. In Figure 8 the relation 
between temperature and pressure is shown. 
4.9. Energetic analysis. 
Finally, it is necessary to analyse the impact of the installation of the CTES in a refrigeration system as 
far as energy efficiency is concerned. For that matter, a generic refrigeration system that has a changing 
COP depending on the ambient temperature as shown in Figure 40 will be taken as a reference, and is 
assumed to be working on a summer day in Trondheim (temperature profile seen on Figure 41). In 
addition, the percentage of the installed evaporator refrigeration capacity that is demanded on an 
average working day is shown in Figure 42. 
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Figure 41: Evolution of the ambient temperature of a summer day in Trondheim. 
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The peak demand on Figure 42 corresponds to the opening hours of the supermarkets, when the 
cabinets start to be opened not only by the customers, but also by the staff, which loads the products 
inside them. 
Two different models will be studied based on the tank designed along this project. In both models, a 
supermarket with 50 cabinets is assessed. The cabinets are considered to have an evaporator of 2 kW 
each, and as the compressors input power is based on the refrigeration demand and the COP of the 
system applied to such demand, it can be calculated in order to assess the peak value with equation ( 
46). The calculations are shown in Appendix E3 
𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟ℎ𝑜𝑢𝑟𝑖
=
𝑄𝑐𝑎𝑏𝑖𝑛𝑒𝑡 ∗ 𝑛𝑐𝑎𝑏𝑖𝑛𝑒𝑡𝑠 ∗ %𝑙𝑜𝑎𝑑ℎ𝑜𝑢𝑟𝑖
𝐶𝑂𝑃ℎ𝑜𝑢𝑟𝑖
 ( 46) 
Based on the compressor work, its installed capacity can be determined based on the highest demand, 
which happens to be of 25kW at 7 am; therefore, a compressor of 40 kW is considered to be installed 
in order to have a security margin. The compressor work has a similar profile as the refrigeration load 
and is shown in Figure 43. 
 
Figure 43: Base case: used fraction of the 40 kW installed power of a system of compressors compared to the fraction of the 
total refrigeration capacity required to supply the cabinets 
Of course, the energy balance of the system working as shown in Figure 43 is zero at any time, as the 
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4.9.1. Fifty cabinets with fifty CTES units (one each). 
First, a model with 50 cabinets with one CTES unit above each of them is studied. Therefore, as each 
CTES unit has around 1 kW power when it starts discharging, it is not dimensioned to cover the full 
peak demand; however, the tank can cover the refrigeration demand alone when it is of 50% or less of 
the evaporator capacity. Therefore, in accordance to the Operation strategies, the tank can only shift 
the load of the compressor from the warm hours of the day to the night as long as the demand of 
refrigeration does not exceed the 50% of the evaporator capacity. Figure 44 shows the distribution of 
the loads during the day for this case. 
 
Figure 44: First case study: used fraction of the 40 kW installed power of a system of compressors compared to the fraction of 
the total refrigeration capacity required to supply the cabinets when installing 50 CTES tanks. 
Analysing Figure 44, the compressor could have a higher load at night, but since the rest of the warm 
hours of the day have more that 50% of the maximum refrigeration capacity, the tank could not shift 
the load from those hours any further without preserving the energy balance. However, this could be 
done if more energy wants to be stored for the next day. 
It is noticeable that in Figure 44, from 18 to 20 the compressors work do not cover the full demand, 
thus being aided by the CTES tanks. But it does not contradict chapter 4.8 where it is stated that this 
mode of operation is not possible; in fact, a small fraction of the tanks are isolated from the main cycle, 
taking care of their cabinets by themselves and being discharged, while the compressor supplies the 
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the complete discharging of any of the tanks. This could not be done earlier in the day since there is no 
other time under 50% demand of the installed evaporator capacity. 
The energy balance of the system can be calculated with equation ( 47) and the result is shown in 
Figure 45; at the end of the day there is a 7200 kJ excess that can be stored for later use. 
𝐸𝑏𝑎𝑙𝑎𝑛𝑐ℎ𝑜𝑢𝑟𝑖
= 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡  
= 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟ℎ𝑜𝑢𝑟𝑖
∗ 3600 ∗ 𝐶𝑂𝑃ℎ𝑜𝑢𝑟𝑖 − 𝑛𝑐𝑎𝑏𝑖𝑛𝑒𝑡 ∗ 𝑄𝑐𝑎𝑏𝑖𝑛𝑒𝑡 ∗ %𝑙𝑜𝑎𝑑ℎ𝑜𝑢𝑟𝑖  
( 47) 
 
Figure 45: Hourly energy balance of the system. The negative slots are covered by the tank. Slot 26 contains the overall daily 
balance. 
From the energy balance, the state of charge of the tank at any moment of the day can be deduced by 
( 48) Figure 46 shows the evolution of the state of charge of the tank under the conditions depicted in 
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Figure 46: Evolution of the state of charge of all the CTES units (i.e. mean value of each individual SoC) 
Figure 46 shows that the state of charge increases from 10% to 20% (+10% from initial) during the 
morning, decreases again to 10% in the afternoon and then decreases even further down to 9% (-1% 
of initial) of the full capacity in the evening. This means that in order to not waste energy, the tank 
should not begin the cycle at a SoC over 90% of the full capacity; in the same way, in order to not have 
a lack of energy in the evening when the system relies on the energy stored, the tank should not begin 
the cycle at a SoC under 1% of the full capacity. 
The energy saving of this composition with respect to the cycle without CTES is 154.000 kJ per day 
(13,9% of energy saving) and is calculated by: 
𝐸𝑠𝑎𝑣𝑒𝑑 = (∑ 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒) ∗ 3600 − (∑ 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟1𝐶𝑇𝐸𝑆) ∗ 3600 ( 49) 
4.9.2. Fifty cabinets with a hundred CTES units (two each). 
Now, a model with 50 cabinets including two CTES units in parallel above each of them is studied. 
Therefore, as each CTES unit has around 1 kW power when it starts discharging, the CTES units can 
cover the full peak demand. Therefore, in accordance to the Operation strategies, the tank can shift 
the load of the compressor from the warm hours of the day to the night. Moreover, the installed power 
of the arrange of compressors can be significantly reduced to 50% of the base case, as shown in Figure 
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Figure 47: Second case study: used fraction of the 40 kW installed power of a system of compressors compared to the fraction 
of the total refrigeration capacity required to supply the cabinets when installing 100 CTES tanks. 
 
Figure 48: Second case study: used fraction of the 20 kW installed power of a system of compressors compared to the fraction 
of the total refrigeration capacity required to supply the cabinets when installing 100 CTES tanks. 
Analysing Figure 47 and 48, the compressor could have a higher load at night and zero load during the 
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The energy balance of the system can be calculated with equation ( 50) and the result is shown in 
Figure 49; at the end of the day there is a 3600 kJ excess that can be stored for later use. 
𝐸𝑏𝑎𝑙𝑎𝑛𝑐ℎ𝑜𝑢𝑟𝑖
= 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡  
= 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟ℎ𝑜𝑢𝑟𝑖
∗ 3600 ∗ 𝐶𝑂𝑃ℎ𝑜𝑢𝑟𝑖 − 𝑛𝑐𝑎𝑏𝑖𝑛𝑒𝑡 ∗ 𝑄𝑐𝑎𝑏𝑖𝑛𝑒𝑡 ∗ %𝑙𝑜𝑎𝑑ℎ𝑜𝑢𝑟𝑖  
( 50) 
Overall, it looks like the CTES units are discharged while the compressor still works, but this does not 
contradict chapter 4.8 where it is stated that this mode of operation is not possible; in fact, a fraction 
of the tanks are isolated from the main cycle and are discharging while the compressor supplies the 
rest. Then, the valves change which cabins are isolated every few minutes, thus avoiding the complete 
discharging of the tanks. 
 
Figure 49: Hourly energy balance of the system. The negative slots are covered by the tank. Slot 26 contains the overall daily 
balance. 
From the energy balance, the state of charge of the tank at any moment of the day can be deduced by 
equation ( 51). Figure 50 shows the evolution of the state of charge of the tank under the conditions 
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Figure 50: Evolution of the state of charge of all the CTES units (i.e. mean value of each individual SoC) 
Similarly to Figure 46, the evolution of the SoC of this composition shown Figure 50 denotes that the 
system should not begin the cycle charged over 93% of the full capacity or under 2% of the full capacity. 
The energy saving of this composition with respect to the cycle without CTES is 429.000 kJ per day 
(38,9% of energy saving) and is calculated by: 
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5. Fieldwork. 
After the designing process, the first prototype of the tank is mounted in NTNU/SINTEF laboratory. The 
materials and mounting process used for such prototype are explained in this section. 
5.1. Description of the elements. 
5.1.1. Coil tubes. 
The coils are built from copper tubes of 7,9mm of inner diameter provided by Mueller Industries Inc., 
fabricated by Manner Metal. The specifications can be found in Appendix H. 
 
Figure 51: Copper Tube used to manufacture the coils. 
Source: http://renkulde.no/renkulde/app/vare/nr/810114/wicket:pageMapName/rk-0 
5.1.2. Tank. 
Under the request of the co-director of this project, a cubic 1000 L tank of the model IBC SLX 1400 is 
considered for the manufacture of the tank, rather than a cylindrical one as designed. In practice, this 
will not affect the performance of the final result. The decision is made based on the easy availability 
of the product at NTNU/SINTEF’s laboratory. The datasheet is found in Appendix H. 
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Figure 52: Model of the tank being used at the laboratory. 
5.1.3. Valves. 
The valves considered are ball valves valid for CO2 refrigeration systems, and are provided by Refrigere: 
Linea del Freddo. The datasheet is found in Appendix H. 
 
Figure 53: Valve considered for the manufacture. 
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5.2. Mounting of the coils. 
The geometry of the coils inside the tank is complex, and since a CTES is built for the first time in the 
facilities, there are no precedents about how to manufacture them. After analysing their shape, it is 
decided to build each of the coils separately from the copper tube, and then screw them together to 
form the final entanglement. 
The manufacturing of each coil is different since the sequence of diameter levels changes between 
them (section 4.1). The tubes are coiled around cylindrical moulds of the corresponding diameter (see 
Figure 54), and in order to achieve a changing diameter, it passes around a different mould every half 
turn. 
In order for the process to be easier, the tubes are marked with the perimeter length of each half turn 
(including the extra length due to inclination). In this way, when the tube has gone half turn around 
the corresponding mould and the marks are 1800 from each other in a horizontal plane it is certain that 
the inclination will be kept constant. (See Figure 55). 
 
Figure 54: Moulds of different diameters 
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Figure 55: Marks on the tube every half turn (180 degrees) 
A 2-D template is also built for easier readjustments in the shape, since the tubes are easily malleable 
and at some points of the process the shape is lost (see Figure 56). For the same reason, the coils do 
not hold the correct inclination due to its own weight, thus a metallic frame is built in order to support 
each of the turns at the correct position. (see Figure 57) 
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Figure 56: 2-D template with the different diameters. 
 
Figure 57: Metallic frame to hold the coils 
The coil number 1 (see section 4.1) is attached and correctly fixed to the frame first, and will be used 
as a reference for the following coils; coil 1 is the easiest to start because the marks will be in direct 
contact with the frame since the inlet is at 00 from the frame reference. (see Figure 58) 
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Figure 58: Coil 1 attached to the frame (before adjustments) 
The coils are fixed to the frame with L shape supports connected to the main structure and plastic 
stripes (see Figure 59). 
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Figure 59: The coils are fixed to the frame with L shape hangers and plastic stripes 
Coils 2 and 3 are screwed to coil 1 through the frame afterwards, fixing them to the correct position 
one by one, to achieve the final arrangement. Many readjustments need to be made in order to correct 
the deformations of the coils that happen during this process In order to make sure that the coils have 
the necessary shape, the marks on the tubes are used again and they need to be aligned in the same 
plane (see Figure 60). 
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Figure 60: The marks of each coil are aligned in the same plane 
5.3. Comments on the result. 
The resulting arrange of coils is an accurate representation of the designed ones. The geometry of both 
the 3D CAD model and the manufactured model follows the same trends, and although some local 
differences can be found, the result is overall satisfactory. The coils do not have contact at any point of 
the sequence, which was one of the most important objectives. 
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Figure 61: Finished model of the coils of the tank lying on the floor of NTNU/SINTEF floor. 
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Environmental impact analysis 
The environmental impact of the implementation of R744 in supermarkets refrigeration systems and 
the integration of CTES in such systems will be assessed separately. 
R744 
R744 has a 0 GWP (as there is no generation of new CO2) to the environment and 0 ODP, and its carbon 
footprint when leaked is of 0,01 kgCO2e/kg (including transportation, otherwise it is 0). When 
comparing it to the common HFC as is R134a, which has a GWP of 1430 [20] and assuming a 7% leakage 
rate from the cycle in both cases, the carbon footprint of R744 is 0,0007 kgCO2e per kilogram of 
refrigerant running in the cycle which is way lower than the 100 kgCO2e per kilogram R134a entails. 
Nevertheless, the use of CO2 as a working fluid can also result in an energy saving not only from the 
cycle itself, but also from the integration of the rest of the thermal demands of a supermarket. That 
directly affects the global warming emissions, but it is not the only environmental advantage; through 
reducing the size of the compressor and piping due to higher pressures (see section 2.2.1.1), the use 
of mineral resources is reduced when installing this kind of systems. 
Moreover, if R744 happened to be widely used, it would also mean a rise in the demand of waste CO2 
that would encourage the application of CCS techniques in facilities where with the current scenario is 
not worth it by giving a commercial output for the CO2. Nowadays the installation of CCS is costly and 
usually does not pay off as the waste CO2 simply stored (usually in underground). Therefore, a large-
scale installation of refrigeration cycles using this fluid would not only reduce the CO2 emissions 
through energy saving, but also indirectly by encouraging the use of CCS for the energy it consumes. 
The fluid is also safe in case of leakage to the environment, (see chapter 2.2.1.2) as it is considered to 
have a low impact in the environment because the fluid is already naturally present in the environment. 
In fact, it is considered to have 0 GWP, as there is no generation of new CO2 to the environment. 
CTES 
Regarding the incorporation of a CTES tank, it affects positively the environment by increasing the 
overall energy efficiency of the system, and it has no drawback because it contains only water and 
NaCl, and the materials it is made of do not harm the environment significantly.  
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The biggest impact on GHG emissions derived from the materials of the tank is due to the plastic of the 
tank itself, which contains 35 kg of plastic. With a carbon footprint of 2.15 kg CO2e/kg for the 
production of plastic along the whole production chain [21], the tank has an impact of 75,25 kg CO2e 
greenhouse gas emissions. Regarding the RockWool, it has a carbon footprint of 1,01 kg CO2e/kg along 
the production chain [22], which means that around 10 kg CO2e are released for the insulation of the 
tank. Copper has a carbon footprint of 0,98 kg CO2e/kg [23], which for the three tubes bought 
weighting 3,04 kg each makes an impact of 8,94 kg CO2e. In total, building the tank supposes 94,19 kg 
CO2 equivalent greenhouse gas emissions for the materials considered. 
In Norway, the emissions related to electricity were 17 g CO2/kWh in 2015 [24]. Therefore, the 
emissions avoided through energy saving derivate from the installation of one and two CTES units (see 
section 4.9) are respectively 725 g CO2/day and 2 kg CO2/day. That means that the tanks compensate 
their ecological footprint after 17,8 and 12,9 years in each case (taking in account 50 and 100 tanks), 
which is in both cases lower than a 20 years useful life.  
Moreover, these values are connected to the Norwegian electrical net, which has one of the lowest 
emissions per kWh in the world; in a different location, the impact of installing CTES would be even 
more significant. For example, Spain emitted 308 g CO2/kWh of electricity generated in 2016 [25], 
which is 1811% higher than the Norwegian electric mix, and therefore there the tanks would 
compensate their ecological footprint before 1 year in both cases. 
To sum up, the solutions depicted along this project are genuinely environmentally friendly and a good 
asset for a sustainable future. 
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Budget and economic analysis 
This document mentions several possible arrangements for the refrigeration system itself, and each of 
them has its own variables to optimize costs as in general the decision to install one or another system 
comes down to initial investment cost vs energy saving. Therefore, the costs of the refrigeration system 
itself will not be analysed since it is beyond the scope of this project. Instead, this section aims to do 
an economic analysis of the incorporation of CTES in an already existent general refrigeration system 
from the budget reflecting the cost of the built model, to deduce if it is worth installing or not by 
comparison of such costs with the energy saving.  
All the costs are based on the Norwegian currency, and an approximate conversion to Euros is included. 
Budget of the model built at NTNU. 
Element Amount Cost of unit 
(NOK) 
Cost of unit 
(EUR) 
Total (NOK) Total 
(EUR) 
Coil tubes 3 units 610 66 1830 200 
Water 394,81 L 0,1 0,011 39,5 4,4 
Tank 1 unit 2340 257 2340 257 
Welds 2 units 400 44 800 88 
Valves 4 units 200 20 800 80 
Research 150 h 80 9 12000 1320 
Design 300 h 80 9 24000 2640 
Manufacture and 
report 
150 h 80 9 12000 1320 
Others* - - - 1500 165 
TOTAL - - - 55309,5 NOK 6084 EUR 
Table 7: Budget of the project carried out with NTNU financial support. 
*In others, the frame materials, minor fittings, equipment wear and electrical cost is estimated. 
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First, the cost that the project depicted along this document meant for NTNU will be disaggregated, 
reflecting exactly the economic charge paid by NTNU. The engineering work is divided into Research, 
Design, and Manufacture and Report, to reflect the workload of each task. No taxes are applied as the 
salary is paid as economic aid for student support (scholarship). 
Commercial economic analysis. 
In order to analyse the general economic impact of a CTES tank in a commercial installation, first it is 
necessary to determine the cost of building the tank itself. Based on the model built for the test the 
costs of the materials and the hours of engineering work are deduced; the costs of such engineering 
work are readjusted and are based on the cost of hiring a junior engineer from an external company, 
assuming Norway as the location of such company. 
The net salary of a junior engineer in Norway is around 500.000 NOK per year, which before taxes 
(around 33% of the brute salary) represents 750.000 NOK per year, which must be covered by the 
hiring entity. This means that, since the year has 1750 labour hours, the cost per hour the hired 







= 433 𝑁𝑂𝐾/ℎ𝑜𝑢𝑟 (48€/ℎ) ( 53) 
 
This means that the cost paid by the hired company for carrying out the project of a workload of 600h, 
and assuming the 1500 NOK of electricity, and equipment wear as estimated in the budget of the 
project (see Budget of the model built at NTNU) is: 
𝐶𝑜𝑠𝑡ℎ𝑖𝑟𝑒𝑑 = 433 ∗ 600 + 1500 = 261.300 𝑁𝑂𝐾 (28.750 €) ( 54) 
 
And assuming the hired company wants to take a 50% benefit from the job, the amount that the hiring 
entity must pay results on: 
𝐶𝑜𝑠𝑡ℎ𝑖𝑟𝑖𝑛𝑔 = 261300 + 261300 ∗ 0,5 = 391.950 𝑁𝑂𝐾 (43.114 €) ( 55) 
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Element Amount Cost of unit (NOK) Cost of unit (EUR) Total (NOK) Total (EUR) 
Coil tubes 3 units 610 66 1830 200 
Water 394,81 L 0,1 0,011 39,5 4,4 
Tank 1 unit 2340 257 2340 257 
Welds 2 units 400 44 800 88 
Valves 4 units 200 20 800 80 
Engineering 600 h (deduced above) (deduced above) 391950 43114 
TOTAL - - - 397.758,5 NOK 43.753 EUR 
Table 8: Cost that must be paid by a supermarket in order to carry out the project. 
The total of 400.000 NOK represents the cost of the very same project of this document for an entity 
that hires an external engineering. However, if the hired company happened to be already experienced 
with CTES tanks, the workload would be reduced to roughly 50 hours for manufacturing, giving a cost 
for the hiring entity of roughly 50.000 NOK (5500 €) under the same assumptions because the tank is 
only designed once. 
It is worth to mention that the chain production of these tanks would drastically reduce the 
manufacturing costs even further. 
Now in order to assess the viability of the installation of these tanks, the installation costs must be 
compared to the money saved through energy efficiency increase. Therefore, with the average price 
of 0,98 NOK/kWh during the 1st quarter of 2017 [26], the money saved derivate from the installation 
of one and two CTES units (see chapter 4.9) is respectively 41,8 NOK/day and 116,76 NOK/day. Thus, 
accounting the hiring entity contacts an experienced company (i.e. total cost of 50.000 NOK) the 
installation pays off after 3,3 years and 1,2 years in each case, which in both cases are values under the 
useful life of any installation. Moreover for the case of installing enough CTES to cover the peak 
demand the initial investment can be reduced more than 50% (see section x) 
However, if the hiring entity contacts an inexperienced company (i.e. total cost of 400.000 NOK) the 
installation would pay off until 26,21 years and 9,38 years respectively, therefore reducing the profit 
derivate from these solutions thus making them less appealable to the market. In the case of only 1 
CTES unit, it would not even pay off within a useful lifespan of 20 years. This fact shows the importance 
of this project for the viability of CTES; through technological development the installation costs are 
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reduced and the solution is more economically appealing, which in combination with its environmental 
friendliness, makes CTES a smart solution for energy efficiency in supermarkets. 
Since these calculations are based on the Norwegian energy market, the viability of the installation 
under the same conditions but on a different country would be altered. Moreover, the Norwegian 
energy mix allows a considerably constant price along the day, without fluctuation from day to night; 
in other locations where such fluctuation exists, the installation of CTES would imply further saving by 
shifting the load towards nighttime, when the price is lower. 
.
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Conclusions 
The research on refrigeration systems working with R744 concludes that it is an excellent candidate to 
replace global warming HFCs, while the designed CTES shows a potential in reducing energy 
consumption and downsizing the compressors while being economically and environmentally viable. 
R744 has unique thermodynamic properties that require it to work at high pressures, which rather 
than being a drawback result on a downsize of all the components of the system. Moreover, when 
working on a transcritical cycle it achieves efficiencies that can surpass any HFC, and the gliding 
temperature at the gas cooler eases the use of the waste heat for sanitary hot water and HVAC in 
integrated systems. It is also environmentally friendly and safe for workers, and it has no drawbacks 
that cannot be avoided with current technologies. 
Regarding the CTES tank, it is designed to be placed in the currently empty space above the cabinets 
of the supermarkets with dimensions that easily fit there (0,8m height and 0,838m diameter), so its 
low volumetric energy density (0,1 kWh/l) is not a problem. Each tank is designed as a unit that can be 
part of a larger modular arrangement or serve alone, so that the design is easily adaptable to the 
requirements and demands of each supermarket. Each tank contains 395 litres of water-brine and can 
store 37,2 kWh. 
The advantages of the installation of CTES in supermarkets include: 
 Energy saving by shifting the compressors’ working hours to periods with favourable 
conditions for the cycle (i.e. nighttime). 
 Monetary saving from direct energy saving as well as from shifting workload to nighttime 
when the price of energy is lower. 
 Existence of backup supply for maintenance periods or blackouts. 
 Possibility to remove the frequency controller of the compressors by substituting it with 
control of the cycle valves. 
 Possibility to significantly downsize the installed power of the compressors. 
For the cases considered, the installation of CTES show an energy saving that can reach 39% with 
respect to the operation without tank. Figure 62 shows the operation modes for each case study as 
well as for the base case. Considering a lifespan of 20 years, the tank pays off both economically and 
environmentally; this fact shows the importance of this project since without this design work the 
solution is not economically viable. 
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Figure 62: Profile of the workload of the compressors with respect to the temperature at each hour of the day. The installed 
power is considered 40 kW in all cases. 
However, the profiles on Figure 62 show a high consumption of energy at night, which impedes an easy 
implementation of local photovoltaic panels for self-consuming. Nevertheless, the rest of the 
renewable energy sources can be implemented to supply the refrigeration system without problems. 
To sum up, CO2 as a working fluid is the perfect solution in order to achieve more environmentally 
friendly refrigeration systems in supermarkets while also achieving outstanding COP levels. In addition, 
if a modular arrangement of CTES units were to be placed on top of the cabinets (a space currently 
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Further work 
Several researches and improvements can be made based on the CTES tank designed in this project. 
The model built is delivered to NTNU for this purpose, so that it can be tested in order to achieve results 
beyond theory. 
A study of different series and parallel arrangements for placing the tanks on top of the cabinet can be 
performed as well. Also different geometries for the coils, such as a non-concentric distribution. 
The main field for further work lays in the optimization of the control strategies depending on the 
mode of operation desired. 
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Appendix A: Learning Agreement Erasmus + Traineeship 
See next page. 
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Appendix B: Lecture Plan TEP4255 
See next page. 
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Norwegian University of Science and Technology 
Faculty of Engineering Science and Technology 
Department of Energy and Process Engineering 
1 
Course: TEP 4255 Heat Pumping Processes and Systems 
Coordinator: Prof. Trygve M. Eikevik 
 
Lecture materials:   Compendiums + handouts 
Lectures:   Tuesdays at 15:15 – 16:00 B1 (F) 
    Thursday at 10:15 – 12:00 EL4 (F) 
Exercises/Labs.:  Wednesdays 18:15 – 20:00 B1 (Ø)  To be agreed upon (lab. groups) 
Excursion:   date: dd.mm.2017 at xx:yy o’clock   To be arranged 
 
Lecture plan spring 2017 (version 2016-01-18) 
Week Date Time Lecture 
room 
Lectures/Exercises/Labs  Type Responsible Exercise/Labs 
         
2 10.01 15:15 B1 Introduction 
(Intro European Cryo-course 
+ Double Degree Master Program 





2 12.01 10:15 EL4 Single stage compression  2F TME  
         
3 17.01 15:15 B1 Single stage compression + example  1F TME  
3 19.01 10:15 EL4 Example 
Working fluids in heat pumping 
systems  
 2F IT  
3      2Ø   
4 24.01 15:15 B1 Thermodynamic analysis  1F TME  
4 26.01 10:15 EL4 Energy Efficiency – subcooler, IHx, 
Two stage compression with and 
without intermediate cooler, 
economizer solution 
 2F TME  
      2Ø  Exercises 
5 31.01 15:15 B1 Energy Efficiency - Two stage 
expansion, two stage compression  
(open and closed) 
 1F TME  
5 02.02 10:15 EL4 Energy Efficiency - Expanders, 
Ejectors, Cascade 
Expansion devices 
 2F TME  
5      2Ø  Exercises 
6 07.02 15:15 B1 Evaporator - Defrosting systems  1F TME  
6 09.02 10:15 EL4 Refrigeration cycles – process 
improvements 
 2F TME  
6      2Ø  Exercises 
7 14.02 15:15 B1 CO2 as working fluid  1F AH  
7 16.02 10:15 EL4 Refrigeration loads   2F TME  
7      2Ø  Exercises 
8 21.02 15:15 B1 System solutions with CO2 as 
working fluid 
 1F AH  
8 23.02 10:15 EL4 System solutions with CO2 as 
working fluid 
 2F AH  
8      2Ø  Exercises 
9 28.02 15:15 B1 Domestic Refrigeration  
Commercial refrigeration 
 1F AH  
9 02.03 10:15 EL4 Commercial refrigeration  2F AH  
9      2Ø  Exercises 
10 07.03 15:15 B1 Industrial refrigeration systems   1F TME 2 VIDEO’s 
10 09.03 10:15 EL4 Indirect refrigeration systems  2F TME 2 VIDEO’s 
10      2Ø  Exercises 
Norwegian University of Science and Technology 
Faculty of Engineering Science and Technology 
Department of Energy and Process Engineering 
2 
11 14.03 15:15 B1 Main Components – Condensers  1F IT  
11 16.03 10:15 EL4 Main Components – Evaporators  2F IT  
11      2Ø  Exercises 




 1F AH  
12 23.03 10:15 EL4 Heat recovery from refrigeration 
systems  
 
Main Components – Compressors 











12        Exercises 
13 28.03 15:15 B1 Main Components – Compressors  1F TME  
13 30.03 10:15 EL4 System solutions for heat pumps  2F AH  
13      2Ø  Exercises 
14 04.04 15:15 B1 System solutions for heat pumps  1F AH  
14 06.04 10:15 EL4 System solutions for heat pumps  2F AH  
15         
15    EASTER HOLIDAY     
15         
16 18.04       No lectures 
16 20.04 10:15 EL4 Absorption systems 
Low temperature refrigeration - LNG 
 2F TME  
16         
17 25.04 15:15 B1 Pipes and valves in refrigeration 
systems 
 1F TME  
17 27.04 10:15 EL4 Summing up  2F TME/AH  
17         
      
19 dd.05 xx:yy ??  Q & A – Time and date have to be agreed upon 
20 20.05 09-13   EXAM 
 
Lectures and Exercises: 
Professors: 
TME:  Prof. Trygve M. Eikevik;    trygve.m.eikevik@ntnu.no 
AH: Prof. Armin Hafner    armin.hafner@ntnu.no 
IT: Dr. Ignat Tolstorebrov   ignat.tolstorebrov@ntnu.no 
 
Teaching assistants: 
RIM:  PhD-student Raluca Iolanda Manescu; raluca.i.manescu@ntnu.no 
HR:  Håvard Rekstad;     havard.rekstad@ntnu.no 
RT:  Reidar Tellebon:     reidar.tellebon@ntnu.no 
 
Student Assistant: 
HE:   
 
Compendiums: 
Compendiums will be available at It’s learning latest at the first lecture of each of the topics. 
 
Exercises and Labs  
(Schedule will be given after group forming): 
1 Thermodynamic analyze of refrigeration plant in a food industry (calculation) 
2 Tap Water Heat pump with CO2 as refrigerant. (Lab) 
3 Refrigeration plant for fruit and vegetables (calculations) 
Norwegian University of Science and Technology 
Faculty of Engineering Science and Technology 
Department of Energy and Process Engineering 
3 
4 Ammonia (NH3) refrigeration system for computer center – heat recovery (lab./calculations) 
5 Refrigeration load of a cold storage (calculation) 
6 Field trip – Refrigeration facility (excursion) 
7 Components – Compressors (calculations) 
8 Heat pump system for a hotel (calculations) 
  Appendixes 
96   
  
Thermal Energy Storage within R744 Refrigeration Systems in Supermarkets  
  97 
Appendix C: Gantt Diagram 
See next page. 
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09.01.2017 29.01.2017 18.02.2017 10.03.2017 30.03.2017 19.04.2017 09.05.2017 29.05.2017
Definition of the project
Literature review
TEP 4255
Development of the tank concept
Tank Dimensions and calculations
Tank 3D model
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Appendix D: Abacus for determining head losses from flow 
fittings 
 
Source: Universidad de Sevilla - http://ocwus.us.es/ingenieria-agroforestal/hidraulica-y-
riegos/temario/Tema%202.Conducciones%20forzadas/tutorial_26.htm (1/06/2017) 
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Appendix E: Calculations for the design and dimension of the 
tank. 
The tables from the Excel sheet made for the calculation process are attached here. 
E1: Water layer 
. The input values are marked in blue while the relevant output values are marked in green. The white 
spaces are intermediate steps. 
Tank Dimensions [mm] 
Heigh 800 
Base / Diameter 838 
Thickness (d_tank) 5 
 
Material: TANK (Finathene 49080 UV) 
Therm. Conductivity (λ_tank) 0,4  W/m-K 
d_tank 0,005 m 
Therm. Resistance (R_tank) 0,0125 K.m^2/W 
 
Material: ICE 
Therm. Conductivity (λ_ice) 2,235  W/m-K 
d_ice 0,128 m 
Therm. Resistance (R_ice) 0,057 K.m^2/W 
Density 0,92 kg/L 
 
Material: Water 
Therm. Conductivity (λ_water) 0,56  W/m-K 
d_water 0,017 m 
Therm. Resistance (R_water) 0,030 K.m^2/W 
Density 1,03 kg/L 
Natural convection heat tranfer coeff. 619,58 W/m^2.K 
Thermal expansion coeff 0,00005 K^-1 
Cp 4232,82 J/kgK 
Dinamic Viscosity 0,00173 kg/m.s 
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Therm. Conductivity (λ_ins) 0,04  W/m-K 
d_insul 0,023 m 
Therm. Resistance (R_ins) 0,576 K.m^2/W 
 
Material: AIR 
Convective heat tranfer coeff. (v=0) 10,45 w/m2.K 
 
R744 
Charging temperature -5 ºC 
Charging pressure 30,5 bar 
Sat. Liq density 960,4 kg/m3 
Sat. Gas. density 83,7 kg/m3 
Mean density 522,1 kg/m3 
Therm. Conductivity liq. 0,117 W/m.K 
Therm. Conductivity gas 0,019 W/m.K 
Discharging temperature -1 ºC 
Pressure temperature 33,9 bar 
Sat. Liq. density 937,5 kg/m3 
Sat. Gas. density 95,0 kg/m3 
Mean density 516,2 kg/m3 
Therm. Conductivity liq. 0,112 W/m.K 
Therm. Conductivity gas 0,018 W/m.K 
 
System data 
Ambient temperature (T_amb) 22 ºC 
Freezing temperature -3 ºC 
Corresponding NaCl composition 4,72 wt% 
Refrigeration capacity (Q_0) 967,71 kW 
Wanted losses 35 W/m^2 
Tank surface 2,11 m^2 
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Results 
d_tube 0,145 m 
d_insul 0,023 m 
water ammount 394,81 liters 
Free space (% of height) 11 % 
Buoyancy force 3958,12 N 
Juncture torque 180,93 N 
Energy 133923,31 kJ 
Discharging time (1 kW load) 37,2 h 
Storage time (full-empty) 20,92 days 
 
  
  Appendixes 
104   
E2: Iterative process 
Big radius 270 mm 
Half perimeter 850,0 mm 
amount 3   
M-B rad. 225,0 mm 
Half perimeter 709,0 mm 
amount 2   
Middle radius 180,0 mm 
Half perimeter 568,2 mm 
amount 2   
M-S 135,0 mm 
Half perimeter 427,7 mm 
amount 2   
Small radius 90,0 mm 
Half perimeter 288,0 mm 
amount 3   
 
Coil lenght 7,244 meters 
Coil Diameter 9,525 mm 
Tube wall 0,81 mm 
Inner Diameter 7,905 mm 
Exchange surface 0,180 m^2 
 
System data 
Thermal conductivity Copper 402 W/(mK) 
Coil tube Thickness 0,81 mm 
Copper Thermal Resistance 2,01E-06 K.m^2/W 
Freezing Temperature -3 ºC 
Refrigerat temperature at discharging -1 ºC 
Temperature increase 2 ºC 
Thermal cond Water 0,56 W/(m.K) 
Water layer (at almost discharged) 17,5 mm 
Water thermal resistance 0,032 K.m^2/W 
Water SLH 328,48 kJ/kg 
Water Convection coeff. 983,53 W/m^2.K 
Ice thermal resistanc (t=0) 0,0403 K.m^2/W 
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Pipe relative roughness 0,05 mm 
 
REFRIGERANT data 
Sat. Liq. density 937,52 kg/m^3 
Sat. Gas. density 94,97 kg/m^3 
Density difference 842,56 kg/m^3 
CO2 Evaporation heat 234,98 kJ/kg 
CO2 Kinematic viscosity liquid 1,09E-07 m^2/s 
CO2 Kinematic viscosity gas 1,55E-07 m^2/s 
Dinamic viscosity liq. 1,02E-04 kg/m.s 
Dynamic viscosity gas 1,47E-05 kg/m.s 
Thermal expansion coeff 0,009 K^-1 
Cp gas 1807,36 J/kgK 
Cp liq 2451,05 J/kgK 
Thermal Conductivity liq 0,112 W/m-K 
Thermal conductivity Gas 0,018 W/m-K 
Liquid entalpy 197592,80 J/kg 
Gas entalpy 432568,23 J/kg 
 




8 0,021 12,5 % 
10 0,027 12,5 % 
12 0,032 12,5 % 
14 0,037 12,5 % 
16 0,043 12,5 % 
18 0,048 12,5 % 




8 0,018 10,4 % 
10 0,022 10,4 % 
12 0,027 10,4 % 
14 0,031 10,4 % 
16 0,036 10,4 % 
18 0,040 10,4 % 






8 0,014 8,3 % 
10 0,018 8,3 % 
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12 0,021 8,3 % 
14 0,025 8,3 % 
16 0,029 8,3 % 
18 0,032 8,3 % 




8 0,011 6,3 % 
10 0,013 6,3 % 
12 0,016 6,3 % 
14 0,019 6,3 % 
16 0,021 6,3 % 
18 0,024 6,3 % 




8 0,011 4,2 % 
10 0,013 4,2 % 
12 0,016 4,2 % 
14 0,019 4,2 % 
16 0,021 4,2 % 
18 0,024 4,2 % 





Final Density  
[kg/m^3] 






B1 94,97 199,92 147,44 93,77 % 
M-B 
1 199,92 287,46 243,69 82,35 % 
M1 287,46 357,61 322,54 72,99 % 
M-S 
1 357,61 410,42 384,02 65,69 % 
S1 410,42 445,99 428,20 60,45 % 
S2 445,99 481,55 463,77 56,23 % 
S3 481,55 517,12 499,33 52,01 % 
M-S 
2 517,12 569,92 543,52 46,76 % 
M2 569,92 640,07 605,00 39,47 % 
M-B 
2 640,07 727,62 683,84 30,11 % 
B2 727,62 832,57 780,09 18,68 % 
B3 832,57 937,52 885,05 6,23 % 
M1 94,97 165,12 130,04 95,84 % 
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1 165,12 252,66 208,89 86,48 % 
B1 252,66 357,61 305,14 75,06 % 
B2 357,61 462,57 410,09 62,60 % 
B3 462,57 567,52 515,05 50,14 % 
M-B 
2 567,52 655,07 611,29 38,72 % 
M2 655,07 725,22 690,14 29,36 % 
M-S 
1 725,22 778,02 751,62 22,06 % 
S1 778,02 813,59 795,81 16,82 % 
S2 813,59 849,15 831,37 12,60 % 
S3 849,15 884,72 866,94 8,38 % 
M-S 
2 884,72 937,52 911,12 3,13 % 
Coil 
3 
S1 94,97 130,53 112,75 97,89 % 
S2 130,53 166,10 148,31 93,67 % 
S3 166,10 201,66 183,88 89,45 % 
M-S 
1 201,66 254,47 228,06 84,20 % 
M 1 254,47 324,62 289,54 76,91 % 
M-B 
1 324,62 412,16 368,39 67,55 % 
B1 412,16 517,12 464,64 56,12 % 
B2 517,12 622,07 569,59 43,67 % 
B3 622,07 727,02 674,55 31,21 % 
M-B 
2 727,02 814,57 770,80 19,79 % 
M2 814,57 884,72 849,64 10,43 % 
M-S 

































39 1038,4 44,3 16,6 





5 1167,1 62,2 21,6 
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4 1292,2 82,6 26,8 
14 4,75E-05 0,3086 
284
51,
9 60,092 1414,4 105,5 32,2 
16 4,75E-05 0,2363 
248
95,
4 29,995 1534,2 130,7 37,7 
18 4,75E-05 0,1867 
221
29,
2 16,256 1651,9 158,3 43,3 
20 4,75E-05 0,1512 
199
16,



































7 1033,3 36,7 13,8 





2 1168,8 51,9 18,0 
12 2,87E-05 0,2541 
249
24,
1 68,479 1300,5 69,3 22,4 
14 2,87E-05 0,1867 
213
63,
5 30,706 1429,1 88,9 26,9 
16 2,87E-05 0,1429 
186
93,
1 15,335 1555,2 110,5 31,6 
18 2,87E-05 0,1129 
166
16,
1 8,315 1679,2 134,2 36,3 
20 2,87E-05 0,0915 
149
54,


































4 1037,4 29,6 11,1 
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0 1182,5 42,1 14,5 
12 2,17E-05 0,1920 
181
98,
2 42,162 1323,5 56,5 18,1 
14 2,17E-05 0,1411 
155
98,
5 18,919 1461,3 72,8 21,7 
16 2,17E-05 0,1080 
136
48,
7 9,455 1596,3 90,9 25,5 
18 2,17E-05 0,0853 
121
32,
2 5,130 1729,0 110,7 29,3 
20 2,17E-05 0,0691 
109
18,



































4 1076,4 23,1 8,4 
10 1,82E-05 0,2322 
178
73,
4 70,362 1239,6 33,2 11,1 
12 1,82E-05 0,1613 
148
94,
5 27,266 1398,3 45,0 13,8 
14 1,82E-05 0,1185 
127
66,
7 12,240 1553,2 58,2 16,6 
16 1,82E-05 0,0907 
111
70,
8 6,120 1705,1 73,1 19,5 
18 1,82E-05 0,0717 
992
9,6 3,322 1854,4 89,4 22,4 
20 1,82E-05 0,0581 
893
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9 1183,2 25,4 8,7 
10 1,64E-05 0,2083 
157
40,
1 44,156 1380,5 37,0 11,5 
12 1,64E-05 0,1446 
131
16,
8 17,117 1572,4 50,5 14,3 
14 1,64E-05 0,1063 
112
43,
0 7,687 1759,8 66,0 17,2 
16 1,64E-05 0,0814 
983
7,6 3,844 1943,5 83,2 20,2 
18 1,64E-05 0,0643 
874
4,5 2,088 2123,9 102,3 23,2 
20 1,64E-05 0,0521 
787
































5 1171,0 25,1 8,7 
10 1,51E-05 0,1923 
143
25,
2 40,841 1365,7 36,6 11,4 
12 1,51E-05 0,1335 
119
37,
7 15,836 1555,1 50,0 14,3 
14 1,51E-05 0,0981 
102
32,
3 7,113 1740,0 65,2 17,2 
16 1,51E-05 0,0751 
895
3,3 3,559 1921,3 82,3 20,1 
18 1,51E-05 0,0593 
795
8,5 1,933 2099,4 101,1 23,1 
20 1,51E-05 0,0481 
716
































2 1159,7 24,9 8,7 
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10 1,40E-05 0,1786 
131
17,
3 37,996 1352,1 36,2 11,4 
12 1,40E-05 0,1240 
109
31,
1 14,737 1539,1 49,5 14,2 
14 1,40E-05 0,0911 
936
9,5 6,621 1721,8 64,5 17,1 
16 1,40E-05 0,0698 
819
8,3 3,313 1900,8 81,4 20,1 
18 1,40E-05 0,0551 
728
7,4 1,800 2076,7 100,0 23,1 
20 1,40E-05 0,0446 
655



































6 981,1 21,0 8,2 
10 1,29E-05 0,1641 
118
43,
5 50,098 1114,3 29,9 10,7 
12 1,29E-05 0,1139 
986
9,6 19,437 1243,8 40,0 13,3 
14 1,29E-05 0,0837 
845
9,7 8,736 1370,2 51,4 16,0 
16 1,29E-05 0,0641 
740
2,2 4,373 1494,2 64,0 18,8 
18 1,29E-05 0,0506 
657
9,7 2,376 1616,0 77,9 21,6 
20 1,29E-05 0,0410 
592


































0 1020,0 29,1 11,0 
10 1,16E-05 0,1474 
103
91,
1 58,837 1171,3 41,7 14,5 
12 1,16E-05 0,1024 
865
9,3 22,837 1318,3 56,3 18,0 
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14 1,16E-05 0,0752 
742
2,2 10,268 1462,0 72,9 21,7 
16 1,16E-05 0,0576 
649
4,5 5,142 1602,8 91,3 25,5 
18 1,16E-05 0,0455 
577
2,8 2,795 1741,1 111,5 29,3 
20 1,16E-05 0,0369 
519



































0 933,5 33,2 13,3 
10 1,02E-05 0,1304 
892
5,3 64,431 1047,9 46,6 17,3 
12 1,02E-05 0,0906 
743
7,7 25,022 1159,1 61,8 21,6 
14 1,02E-05 0,0665 
637
5,2 11,256 1267,7 78,9 25,9 
16 1,02E-05 0,0509 
557
8,3 5,639 1374,2 97,7 30,4 
18 1,02E-05 0,0402 
495
8,5 3,067 1478,8 118,2 35,0 
20 1,02E-05 0,0326 
446































9 912,1 38,9 15,8 
10 8,98E-06 0,1143 
755
5,5 67,463 1014,1 54,0 20,5 
12 8,98E-06 0,0794 
629
6,2 26,215 1113,2 71,2 25,5 
14 8,98E-06 0,0583 
539
6,8 11,801 1210,0 90,3 30,6 
16 8,98E-06 0,0447 
472
2,2 5,915 1304,9 111,2 35,9 
18 8,98E-06 0,0353 
419
7,5 3,219 1398,2 134,0 41,2 
20 8,98E-06 0,0286 
377
7,7 1,869 1490,0 158,7 46,7 
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9 901,2 38,4 16,3 
10 7,91E-06 0,1008 
641
9,2 59,720 1000,9 53,3 20,4 
12 7,91E-06 0,0700 
534
9,3 23,222 1097,8 70,2 24,7 
14 7,91E-06 0,0514 
458
5,1 10,460 1192,4 88,9 29,0 
16 7,91E-06 0,0394 
401
2,0 5,246 1285,2 109,5 33,5 
18 7,91E-06 0,0311 
356
6,2 2,857 1376,4 131,9 38,0 
20 7,91E-06 0,0252 
320


































4 1216,8 34,7 11,7 





5 1409,7 50,2 15,4 





8 1597,2 68,2 19,1 
14 5,39E-05 0,3499 
421
46,
9 46,185 1780,4 88,7 22,9 
16 5,39E-05 0,2679 
368
78,
6 23,039 1959,9 111,5 26,9 
18 5,39E-05 0,2117 
327
80,
9 12,479 2136,3 136,7 30,8 
20 5,39E-05 0,1714 
295
02,
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1 1048,7 37,3 13,9 





8 1187,4 52,8 18,1 
12 3,35E-05 0,2965 
295
29,
9 79,689 1322,3 70,5 22,5 
14 3,35E-05 0,2178 
253
11,
3 35,722 1454,0 90,4 27,1 
16 3,35E-05 0,1668 
221
47,
4 17,834 1583,2 112,5 31,7 
18 3,35E-05 0,1318 
196
86,
6 9,667 1710,1 136,7 36,4 
20 3,35E-05 0,1067 
177
17,
































9 994,3 42,4 16,3 





0 1113,6 59,3 21,2 
12 2,30E-05 0,2030 
193
79,
8 65,321 1229,6 78,6 26,4 
14 2,30E-05 0,1491 
166
11,
2 29,306 1343,0 100,1 31,7 
16 2,30E-05 0,1142 
145
34,
8 14,643 1454,1 123,9 37,1 
18 2,30E-05 0,0902 
129
19,
8 7,944 1563,2 149,8 42,6 
20 2,30E-05 0,0731 
116
27,
9 4,599 1670,7 177,9 48,2 
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3 968,1 41,3 16,1 





2 1081,9 57,7 21,0 
12 1,71E-05 0,1510 
137
98,
0 48,914 1192,5 76,2 26,1 
14 1,71E-05 0,1109 
118
26,
9 21,963 1300,6 97,0 31,4 
16 1,71E-05 0,0849 
103
48,
5 10,983 1406,5 119,8 36,7 
18 1,71E-05 0,0671 
919
8,7 5,963 1510,6 144,8 42,2 
20 1,71E-05 0,0544 
827
































0 948,1 40,4 16,0 





5 1057,7 56,4 20,9 
12 1,36E-05 0,1202 
105
32,
0 39,175 1164,2 74,4 25,9 
14 1,36E-05 0,0883 
902
7,5 17,604 1268,3 94,6 31,1 
16 1,36E-05 0,0676 
789
9,0 8,810 1370,3 116,8 36,4 
18 1,36E-05 0,0534 
702
1,4 4,786 1470,5 140,9 41,9 
20 1,36E-05 0,0433 
631
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[mm
] 





8 944,2 33,6 13,3 
10 1,15E-05 0,1459 
102
59,
5 71,849 1060,8 47,2 17,4 
12 1,15E-05 0,1013 
854
9,6 27,889 1174,2 62,6 21,7 
14 1,15E-05 0,0744 
732
8,2 12,540 1285,0 79,9 26,0 
16 1,15E-05 0,0570 
641
2,2 6,280 1393,5 99,0 30,5 
18 1,15E-05 0,0450 
569
9,7 3,414 1500,2 119,9 35,1 
20 1,15E-05 0,0365 
512


































9 955,7 27,2 10,7 
10 1,01E-05 0,1292 
882
3,3 51,771 1083,5 38,6 14,1 
12 1,01E-05 0,0897 
735
2,8 20,106 1207,7 51,6 17,5 
14 1,01E-05 0,0659 
630
2,4 9,046 1329,1 66,2 21,1 
16 1,01E-05 0,0505 
551
4,6 4,532 1448,0 82,5 24,8 
18 1,01E-05 0,0399 
490
1,8 2,465 1564,9 100,2 28,5 
20 1,01E-05 0,0323 
441


































6 993,4 21,3 8,2 
10 9,32E-06 0,1186 
792
2,1 36,560 1139,0 30,5 10,8 
12 9,32E-06 0,0824 
660
1,8 14,204 1280,6 41,2 13,5 
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14 9,32E-06 0,0605 
565
8,7 6,393 1418,9 53,2 16,2 
16 9,32E-06 0,0463 
495
1,3 3,204 1554,4 66,6 19,0 
18 9,32E-06 0,0366 
440
1,2 1,743 1687,6 81,3 21,9 
20 9,32E-06 0,0297 
396



























8 8,80E-06 0,1751 
920
6,2 76,916 1089,1 23,4 8,5 
10 8,80E-06 0,1121 
736
5,0 24,154 1266,5 33,9 11,2 
12 8,80E-06 0,0778 
613
7,5 9,387 1439,0 46,3 14,0 
14 8,80E-06 0,0572 
526
0,7 4,226 1607,5 60,3 16,8 
16 8,80E-06 0,0438 
460
3,1 2,119 1772,7 75,9 19,7 
18 8,80E-06 0,0346 
409
1,7 1,153 1935,0 93,2 22,7 
20 8,80E-06 0,0280 
368



























8 8,42E-06 0,1676 
870
2,6 73,717 1082,5 23,2 8,5 
10 8,42E-06 0,1073 
696
2,1 23,155 1258,6 33,7 11,1 
12 8,42E-06 0,0745 
580
1,7 9,001 1429,7 46,0 13,9 
14 8,42E-06 0,0547 
497
2,9 4,053 1596,9 59,9 16,8 
16 8,42E-06 0,0419 
435
1,3 2,032 1760,7 75,4 19,7 
18 8,42E-06 0,0331 
386
7,8 1,106 1921,7 92,6 22,6 
20 8,42E-06 0,0268 
348
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[mm
] 
8 8,08E-06 0,1607 
824
2,9 70,779 1076,2 23,1 8,4 
10 8,08E-06 0,1029 
659
4,3 22,238 1250,9 33,5 11,1 
12 8,08E-06 0,0714 
549
5,3 8,646 1420,8 45,7 13,9 
14 8,08E-06 0,0525 
471
0,2 3,894 1586,7 59,5 16,7 
16 8,08E-06 0,0402 
412
1,5 1,953 1749,3 74,9 19,7 
18 8,08E-06 0,0317 
366
3,5 1,063 1909,1 92,0 22,6 
20 8,08E-06 0,0257 
329






























8 7,69E-06 0,1529 
772
5,1 96,601 969,9 20,8 8,1 
10 7,69E-06 0,0979 
618
0,1 30,359 1110,5 29,8 10,7 
12 7,69E-06 0,0680 
515
0,0 11,807 1247,2 40,1 13,3 
14 7,69E-06 0,0499 
441
4,3 5,319 1380,8 51,8 16,1 
16 7,69E-06 0,0382 
386
2,5 2,668 1511,7 64,8 18,9 
18 7,69E-06 0,0302 
343
3,4 1,453 1640,3 79,1 21,7 
20 7,69E-06 0,0245 
309
































8 1351,4 29,0 9,1 





4 1584,4 42,4 12,0 
12 6,21E-05 0,5493 
428
79,
4 63,798 1810,8 58,2 14,9 
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14 6,21E-05 0,4035 
367
53,
8 28,580 2032,0 76,1 17,8 
16 6,21E-05 0,3090 
321
59,
5 14,260 2248,8 96,2 20,9 
18 6,21E-05 0,2441 
285
86,
3 7,725 2461,9 118,5 23,9 
20 6,21E-05 0,1977 
257
27,
































9 1311,8 28,1 9,0 





1 1536,4 41,2 11,9 
12 4,72E-05 0,4176 
330
09,
2 48,658 1754,7 56,4 14,8 
14 4,72E-05 0,3068 
282
93,
6 21,807 1968,0 73,7 17,7 
16 4,72E-05 0,2349 
247
56,
9 10,885 2177,0 93,2 20,7 
18 4,72E-05 0,1856 
220
06,
1 5,899 2382,4 114,7 23,8 
20 4,72E-05 0,1503 
198
05,
































5 1282,2 27,5 9,0 





9 1500,5 40,2 11,8 
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12 3,81E-05 0,3368 
269
65,
6 39,358 1712,7 55,0 14,7 
14 3,81E-05 0,2474 
231
13,
4 17,646 1920,0 72,0 17,6 
16 3,81E-05 0,1894 
202
24,
2 8,811 2123,2 90,9 20,6 
18 3,81E-05 0,1497 
179
77,
1 4,777 2322,8 111,8 23,6 
20 3,81E-05 0,1212 
161
79,



































2 1120,2 24,0 8,6 





0 1292,7 34,6 11,2 
12 3,07E-05 0,2715 
220
92,
8 45,589 1460,3 46,9 14,0 
14 3,07E-05 0,1995 
189
36,
7 20,447 1624,1 60,9 16,9 
16 3,07E-05 0,1527 
165
69,
6 10,214 1784,6 76,5 19,8 
18 3,07E-05 0,1207 
147
28,
5 5,540 1942,3 93,6 22,7 
20 3,07E-05 0,0978 
132
55,


































9 1035,3 29,5 11,1 
Thermal Energy Storage within R744 Refrigeration Systems in Supermarkets  
  121 





7 1179,9 42,0 14,5 
12 2,42E-05 0,2139 
178
02,
3 46,985 1320,5 56,4 18,1 
14 2,42E-05 0,1571 
152
59,
1 21,084 1457,9 72,6 21,7 
16 2,42E-05 0,1203 
133
51,
7 10,537 1592,5 90,7 25,5 
18 2,42E-05 0,0951 
118
68,
2 5,717 1724,8 110,4 29,3 
20 2,42E-05 0,0770 
106
81,



































8 986,0 35,1 13,5 





2 1111,5 49,4 17,7 
12 1,90E-05 0,1681 
144
17,
6 45,734 1233,5 65,8 22,0 
14 1,90E-05 0,1235 
123
57,
9 20,533 1352,7 84,1 26,5 
16 1,90E-05 0,0946 
108
13,
2 10,267 1469,5 104,4 31,0 
18 1,90E-05 0,0747 
961
1,7 5,574 1584,3 126,6 35,7 
20 1,90E-05 0,0605 
865
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5 956,9 40,8 16,1 





1 1068,3 56,9 20,9 
12 1,51E-05 0,1333 
118
71,
8 43,308 1176,6 75,2 26,0 
14 1,51E-05 0,0979 
101
75,
8 19,454 1282,4 95,6 31,2 
16 1,51E-05 0,0750 
890
3,8 9,732 1386,2 118,1 36,6 
18 1,51E-05 0,0592 
791
4,5 5,286 1488,1 142,6 42,0 
20 1,51E-05 0,0480 
712
































1 945,1 40,3 16,0 
10 1,23E-05 0,1566 
121
31,
2 91,399 1054,1 56,2 20,8 
12 1,23E-05 0,1087 
101
09,
3 35,457 1160,0 74,2 25,9 
14 1,23E-05 0,0799 
866
5,1 15,935 1263,5 94,2 31,1 
16 1,23E-05 0,0612 
758
2,0 7,976 1364,9 116,3 36,4 
18 1,23E-05 0,0483 
673
9,6 4,334 1464,5 140,4 41,8 
20 1,23E-05 0,0391 
606
































0 936,3 39,9 15,9 
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10 1,04E-05 0,1322 
107
13,
9 77,379 1043,3 55,6 20,7 
12 1,04E-05 0,0918 
892
8,3 30,031 1147,4 73,4 25,8 
14 1,04E-05 0,0675 
765
2,8 13,502 1249,1 93,2 30,9 
16 1,04E-05 0,0516 
669
6,2 6,760 1348,8 114,9 36,2 
18 1,04E-05 0,0408 
595
2,2 3,675 1446,7 138,7 41,7 
20 1,04E-05 0,0331 
535



































3 940,6 33,5 13,3 
10 9,09E-06 0,1157 
978
8,1 57,041 1056,4 47,0 17,4 
12 9,09E-06 0,0803 
815
6,8 22,144 1169,1 62,3 21,6 
14 9,09E-06 0,0590 
699
1,5 9,959 1279,1 79,6 26,0 
16 9,09E-06 0,0452 
611
7,6 4,988 1387,0 98,6 30,5 
18 9,09E-06 0,0357 
543
7,9 2,712 1492,9 119,4 35,1 
20 9,09E-06 0,0289 
489


































5 959,4 27,3 10,7 
10 8,24E-06 0,1050 
921
1,4 42,010 1087,9 38,8 14,1 
12 8,24E-06 0,0729 
767
6,2 16,313 1212,9 51,8 17,6 
14 8,24E-06 0,0536 
657
9,6 7,338 1335,0 66,5 21,1 
16 8,24E-06 0,0410 
575
7,1 3,676 1454,7 82,8 24,8 
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18 8,24E-06 0,0324 
511
7,5 1,999 1572,2 100,7 28,5 
20 8,24E-06 0,0262 
460






























8 7,69E-06 0,1529 
110
59,
4 95,853 1004,1 21,5 8,2 
10 7,69E-06 0,0979 
884
7,5 30,079 1152,0 30,9 10,8 
12 7,69E-06 0,0680 
737
2,9 11,681 1295,8 41,7 13,5 
14 7,69E-06 0,0499 
631
9,7 5,255 1436,2 53,9 16,3 
16 7,69E-06 0,0382 
552
9,7 2,633 1573,9 67,5 19,1 
18 7,69E-06 0,0302 
491
5,3 1,432 1709,1 82,4 22,0 
20 7,69E-06 0,0245 
442
3,8 0,831 1842,3 98,6 24,9 
 
Tube Total loss Coil 1 [Pa] Total loss Coil 2 [Pa] Total loss Coil 3 [Pa] Necessary height [m] 
8 3598,00 3606,10 3703,65 0,4398907 
10 1126,33 1128,69 1159,18 0,1376887 
12 436,41 437,26 449,06 0,0533433 
14 195,90 196,25 201,54 0,0239426 
16 97,94 98,10 100,74 0,0119683 
18 53,16 53,24 54,67 0,0064954 
20 30,79 30,83 31,66 0,0037614 
 
Tube Convergeing Heat Flow [W] Corresponding mass flow [kg/s] 
8 967,71 0,00410 
10 1408,44 0,00599 
12 1934,17 0,00823 
14 2547,97 0,01084 
16 3251,91 0,01384 
18 4047,81 0,01723 
20 4937,33 0,02101 
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Total heat flow [W] (initial 
conditions) 
Decrease in mass 
flow 
Required inc_T to 
keep mass flow [K] 
Difference 
[K] 
8 420,81 0,00521 2,49 0,49 
10 549,75 0,00466 3,46 1,46 
12 683,52 0,00410 4,57 2,57 
14 821,10 0,00351 5,84 3,84 
16 961,78 0,00291 7,27 5,27 
18 1105,02 0,00230 8,86 6,86 
20 1220,19 0,00181 10,60 8,60 
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E3: Energetic study 
Cabinets cooling capacity 2 kw 
Tank storage capacity 133246,22 kJ 
Installed compressor power 40 kW 
 










































1 6 15 1080 3,3 12000,0 8,3 
2 6 10 720 2,2 8000,0 5,6 
3 6 10 720 2,2 8000,0 5,6 
4 7 10 720 2,4 8780,5 6,1 
5 8 10 720 2,6 9473,7 6,6 
6 10 20 1440 6,3 22500,0 15,6 
7 12 70 5040 25,0 90000,0 62,5 
8 13 60 4320 23,1 83076,9 57,7 
9 14 60 4320 24,0 86400,0 60,0 
10 15 50 3600 20,8 75000,0 52,1 
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11 16 45 3240 19,6 70434,8 48,9 
12 18 40 2880 19,0 68571,4 47,6 
13 18 30 2160 14,3 51428,6 35,7 
14 17 30 2160 13,6 49090,9 34,1 
15 16 35 2520 15,2 54782,6 38,0 
16 15 50 3600 21,7 78260,9 54,3 
17 15 50 3600 20,8 75000,0 52,1 
18 14 40 2880 16,0 57600,0 40,0 
19 13 35 2520 13,5 48461,5 33,7 
20 11 30 2160 10,0 36000,0 25,0 
21 10 30 2160 9,4 33750,0 23,4 
22 9 30 2160 8,6 30857,1 21,4 
23 9 25 1800 7,1 25714,3 17,9 
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6,
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2
2,













Energy save case 1 153592,8 kJ 
installed compressor 2 20 kW 
Energy save case 2 428930,6 kJ 
Consume Base 1102130,6 kJ 
%save 1 13,9 %   
% save 2 38,9 %   
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Appendix F: RnLIB instructions. 
See next page 
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 TEP 4255  Heat Pumps – Processes and Systems         Instructions of RnLib 
TEP 4255    page 1 
Instructions of RnLib 
 
RnLib is a separate function for Excel. It basically adds formulas to the existing Excel 
formulas. RnLib was developed by SINTEF. It can calculate in an Excel sheet enthalpy, 
entropy, etc. for given refrigerants, temperatures and/or pressures. 
 
 
a. Installation of RnLib at private PC  
 
You could install the program by copying the kktdlls files from the zip-folder 
(RnLib2014_Package , download from Its-learning) to the folder c:\ on your computer, as it 
is shown on Fig.1. 
 
Fig.1 Installation of RnLib at private PC 
 
 
b. Installation of RnLib at Gløshaugen NTNU 
 
Normally, RnLib is not worked for Mac machine, so RnLib will be available for the some 
computers in the Computer room in Gløshaugen NTNU. 
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c. Usage of RnLib 
 
After successful installation, you need to use Special Excel file (like Exc01 Appendix I or 
Exc02 Appendix I which is available on ItsLearning) to activate a program called kktserver1. 
The operation interface of RnLib is shown in Fig.2a and Fig.2b. 
 
 
Fig.2-a Operation interface of RnLib for Exc01 
 
 
Fig.2-b Operation interface of RnLib for Exc02 
 TEP 4255  Heat Pumps – Processes and Systems         Instructions of RnLib 
TEP 4255    page 3 
In the formula line you could insert: 
 
o R_SlqgsTH(‘‘R134a’’;-4;223050) (same as =R_SlqgsTH(D4;A17;C17*1000) in Fig.2a) 
to get Entropy of liquid gas R134a at -4℃ and 223050 J/kg; 
 
The formula is built of 5 parts 
R_   this is a RnLib-formula, which calculates 
S    entropy  
lqgs   of liquid gas   
T   depending on temperature 
H   depending on enthalpy 
 
o R_HsatgasT(“R744”;8) (same as =R_HsatgasT(B10;B5) in Fig.2b) to get Enthalpy of 
saturated vapor R744 at 8℃.  
 
The formula is built of 4 parts 
R_   this is a RnLib-formula, which calculates 
H    enthalpy  
satgas   of saturated gas   
T   depending on temperature.  
 
From here you also can change your input or refer to other cells. e.g. in order to find the 
isentropic enthalpy after the compressor, calculated from pressure and entropy you could type 
the following formula: 
 
 =R_HgasSP(“medium”; entropy; pressure) 
 
For the “medium” you could input the Refrigerant code, like R718 for water, R717 for 
ammonia and other common refrigerant like R404a, R407c or R410a and so on. 
 
 
Important: Pressure is always in Pa (1bar = 100.000 Pa). Enthalpy and entropy is always 
in J/kg(K) ! 
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d. Usage of RnLib with ‘‘scroll down’’ 
 
You also could press the “fx” – button in Excel for getting the formulas. Choose the Rnlib 
from the list (scroll down) and you will get all possible RnLib formulas from which you can 
choose, as shown in Fig.3. 
 
 
Fig.3 Operation interface of RnLib with ‘‘scroll down’’ 
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Appendix G: Drawings of the tank 
Here the dimensioned drawings of the tank and coils are shown. 
G1: Coil 1 
See next page 
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G2: Coil 2 
See next page.   
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G3: Coil 3 
See next page.   
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G4: Three Coils Assembly 
See next page 
  
  Appendixes 

























































































DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH:
TOLERANCES:
   LINEAR:






DO NOT SCALE DRAWING REVISION
TITLE:
DWG NO.










Thermal Energy Storage within R744 
















  Appendixes 
152   
  
Thermal Energy Storage within R744 Refrigeration Systems in Supermarkets  
  153 
G5: CTES Tank. 
See next page. 
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Appendix H: Datasheets 
The datasheets of the materials used to build the tank are shown here. 
H1: Copper tubes 
See next page. 
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Distributed by Mueller Streamline Co. • 8285 Tournament Drive, Memphis, TN 38125 • 800-348-8464 • www.muellerindustries.com Page 1 of 2
PLASTIC COATED WATER TUBE / PRICE PER FOOT
DIAMETER Type K Type L
NOM O.D. Lengths Coils Lengths Coils
1/4" 3/8" - 2.67 - 2.23
3/8" 1/2" - 4.37 - 3.20
1/2" 5/8" 4.99 5.04 3.69 4.41
5/8" 3/4" 6.38 6.71 5.65 6.03
3/4" 7/8" 9.25 9.33 5.89 7.04
1" 1-1/8" 12.13 11.99 8.72 9.67
1-1/4" 1-3/8" 14.93 - 12.05 -
1-1/2" 1-5/8" 19.83 - 16.05 -
2" 2-1/8" 30.18 - 23.93 -
* HARD LENGTHS AVAILABLE IN 20’ AND COILS AVAILABLE IN 60’ AND 100’ WHERE APPLICABLE.
PLASTIC COATED REFRIGERATION SERVICE TUBE / PRICE PER COIL
O.D. Sizes 3/8" 1/2" 5/8" 3/4" 7/8" 1-1/8"
50 Foot Coil 113.54 151.94 198.41 238.11 342.54 471.68
100 Foot Coil 228.36 311.52 407.22 479.35 689.72 970.15
250 Foot Coil 570.89 778.80 1018.02 - - -
The issuance of this price list is not an offer to sell the goods listed herein at the prices stated. ORIGINATORS OF THE SOLDER-TYPE FITTING.
REFRIGERATION SERVICE TUBE / PRICE PER COIL
O.D. Sizes 1/8" 3/16" 1/4" 5/16" 3/8" 1/2" 5/8" 3/4" 7/8" 1-1/8" 1-3/8" 1-5/8"
50 Foot Coil 38.53 45.04 51.80 69.57 73.24 104.17 139.42 162.91 243.05 360.18 623.42 791.44
100 Foot Coil 79.42 92.86 106.70 143.34 155.29 214.62 287.24 345.53 515.49 741.99 1284.25 1630.36
PlumbShield® available in blue 
for cold, red for hot and purple for 
reclaimed water applications
GasShield® available in yellow for 
natural and LP gas applications
OilShield® available in orange for 
fuel oil applications
*(Nitrogenized thru 3-1/8” Only)
WATER TUBE / PRICE PER FOOT




















Type K Type L
1/8" 1/4" – – – – – – – – – 2.34
1/4" 3/8" 1.82 1.83 2.31 1.62 1.58 2.07 – – 1.96 1.78
3/8" 1/2" 3.28 3.30 3.91 2.36 2.42 3.25 1.84 – 3.45 2.70
1/2" 5/8" 3.85 4.11 4.90 2.92 3.54 4.35 2.14 – 4.03 3.38
5/8" 3/4" 4.74 5.09 5.85 4.14 4.54 5.59 3.07 – 5.12 4.65
3/4" 7/8" 6.91 7.58 9.08 4.72 5.62 6.66 3.47 – 7.42 5.50
1" 1-1/8" 9.17 9.86 12.04 6.64 7.90 9.22 5.19 – 9.47 7.75
1-1/4" 1-3/8" 11.43 11.83 14.21 9.14 10.62 12.13 7.53 8.31 11.92 10.37
1-1/2" 1-5/8" 14.63 15.46 19.73 11.76 13.66 16.44 10.38 10.42 15.49 13.71
2" 2-1/8" 22.52 24.93 30.67 19.23 22.53 26.15 16.38 13.84 23.97 20.90
2-1/2" 2-5/8" 33.55  -   46.01 26.86  -    -   23.74  -   35.87 30.18
3" 3-1/8" 45.85  -   64.01 35.82  -    -   31.56 24.10 48.64 40.17
3-1/2" 3-5/8" 59.28  -    -   47.51  -    -   42.23  -   63.21 52.52
4" 4-1/8" 81.71  -    -   63.85  -    -   59.10 40.50 88.88 73.43
5" 5-1/8" 149.75  -    -   112.76  -    -   114.56 103.06 182.05 163.93
6" 6-1/8" 214.86  -    -   148.37  -    -   153.28 142.94 258.58 200.00
8" 8-1/8" 402.33  -    -   279.62  -    -   290.49  -   489.16 369.67
TEMPERATURE CONTROL TUBE / PRICE PER FOOT















Effective March 28, 2017
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 1/8” 0.030 0.0347 1.74 14-3/4” 10 17.4
 3/16” 0.030 0.0575 2.88 14-3/4” 10 28.80 
 1/4” 0.030 0.0804 4.02 14-3/4” 10 40.20
 5/16” 0.032 0.109 5.45 14-3/4” 10 54.50
 3/8” 0.032 0.134 6.70 16-1/2” 10 67.00
 1/2” 0.032 0.182 9.10 20” 5 45.50
 5/8” 0.035 0.251 12.55 22” 5 62.75
 3/4” 0.035 0.305 15.25 25” 3 45.75
 7/8” 0.045 0.455 22.75 27-1/2” 3 22.75
 1-1/8” 0.050 0.655 32.75 34-1/2” — 32.75
 1-3/8” 0.055 0.884 44.20 39-1/2” — 44.20




REFRIGERATION SERVICE TUBE 






PLASTIC COATED COPPER TUBE
Polyethylene coating made from low density LDPE resin and is extruded at 0.025” minimum wall.
* STANDARD 50’ COIL – 100’ COILS ALSO AVAILABLE AS STANDARD STOCK ITEM.
 WALL  WEIGHT  WEIGHT COIL  COILS  WEIGHT 
THICKNESS PER FOOT  PER COIL* DIAMETER PER MASTER PER MASTER
STANDARD*
LENGTHS
Type K Type L / ACR Type M DWV
HARD 20’ Lengths 
COILS 60’ thru 1-1/2
  100’ thru 1-1/4
  40’ and 60’ - 2” only
HARD 20’ Lengths 
COILS 60’ thru 1-1/2
  100’ thru 1-1/4
  40’ - 2” only
HARD 20’ Lengths 
COILS Consult
HARD 20’ Lengths
NOM O.D. WALL WGT/FT WALL WGT/FT WALL WFT/FT WALL WGT/FT
1/8” 1/4” — — 0.025 .068 — — — —
1/4” 3/8” 0.035 0.145 0.030 0.126 0.025 0.106 — —
3/8” 1/2” 0.049 0.269 0.035 0.198 0.025 0.145 — —
1/2” 5/8” 0.049 0.344 0.040 0.285 0.028 0.204 — —
5/8” 3/4” 0.049 0.418 0.042 0.362 0.030 0.263 — —
3/4” 7/8” 0.065 0.641 0.045 0.455 0.032 0.328 — —
1” 1-1/8” 0.065 0.839 0.050 0.655 0.035 0.465 — —
1-1/4” 1-3/8” 0.065 1.04 0.055 0.884 0.042 0.682 0.040 0.650
1-1/2” 1-5/8” 0.072 1.36 0.060 1.14 0.049 0.940 0.042 0.809
2” 2-1/8” 0.083 2.06 0.070 1.75 0.058 1.46 0.042 1.07
2-1/2” 2-5/8” 0.095 2.93 0.080 2.48 0.065 2.03 — —
3” 3-1/8” 0.109 4.00 0.090 3.33 0.072 2.68 0.045 1.69
3-1/2” 3-5/8” 0.120 5.12 0.100 4.29 0.083 3.58 — —
4” 4-1/8” 0.134 6.51 0.110 5.38 0.095 4.66 0.058 2.87
5” 5/1-8” 0.160 9.67 0.125 7.61 0.109 6.66 0.072 4.43
6” 6-1/8” 0.192 13.90 0.140 10.20 0.122 8.92 0.083 6.10
8” 8-1/8” 0.271 25.90 0.200 19.30 0.170 16.46 — —
* FOR SPECIAL LENGTHS OR TEMPERS CONSULT FOR PRICE AND AVAILABILITY.
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? Recommended maximum stacking for filling IBC’s :
? Delivered quantity by transport :
2 on 1 in static load
On a perfect flat ground
1 on 1indynamic load
If density product
is less than (<) 1.2
1 in dynamic load
If density product
is greater than (>) 1.2
? Approval(s) :
√ For land, sea or air transport of dangerous liquids of packaging group II or III,
for products with a density not greater than 1.4.
√ In accordance with UN recommendations and the derivative modal
regulations : RID/ADR, IMDG code.
? Nominal capacity :
? 1000 litres (-0 +6%),(total brimful capacity, 1050 litres).
Transport 120 m3 truck 100m3 truck 70m3 truck 40"container 20"container
Quantity 60 IBC’s 52 IBC’s 32 IBC’s 42 IBC’s 18 IBC’s
Weights (kg) depend, of the pallet Dimensions (+/- 10 mm)
Metal (+/-2kg) Plastic (+/-2kg) Wooden (+/-4kg) Length Width Height
64 69 62 1200 1000 1170
? Weights and dimensions, in mm :
SIDES TOPFRONT
SOTRALENTZ PACKAGING S.A.S BP. 28 F- 67320 DRULINGEN / France / Web site : www.sotralentz.com
France :   Phone. +33 (0)3 88 01 68 00 / Fax. +33 (0)3 88 01 68 02 / E-mail : emballage@sotralentz.com
England : Phone. +44 191 5180440 / Fax. +44 191 5181045 / E-mail : sales@sotralentzuk.com
Spain :     Phone. +34 945 33 2100 / Fax. +34 945 33 2286 / E-mail : embalaje@trlentz.es
SOTRALENTZ RECYCLING SERVICE : Phone. +33 (0)3 88 01 68 29 / Fax. +33 (0)3 88 01  68 06
Patented packaging.                                                    See use guidelines on back of sheet.                                       SAJ.  04.2005
This sheet is intended for information purposes only, SOTRALENTZ reserve the right for any deviations, or changes to the above.
? IBC SLX 1400 is intended to contain liquids with a maximum density of 1.4.
? IBC SLX 1400 is suitable for storage, handling and transportation of chemicals products, foodstuffs. IBC SLX 1400 optimizes, storage, handling, and transportation of your
products compared to other packaging.
? IBC SLX 1400 is equipped with a 1000 litres high density polyethylene (HDPE) bottle, made by extrusion blow moulding, with one (1) valve screwed into the bottom outlet,
on one (1) pallet and maintained by one (1) protective wire cage . Standard bottle colour, translucent. Specific bottle colours for UV protection, white.
1000 litres, IBC SLX 1400 IBC 20A- ΙV
MARKING
PLATE
Standard (width; 331, height; 390 mm)
Large (width 667, height; 390 mm)
Raw material - Galvanised steel.
Remarks - Standard version one (1) standard fitted on the
front, additional marking plates are optional.
- UN version, standard or large marking plate fitted
on front and on the back of the IBC, additional
marking plates are optional.
- Front marking plate with a traceability and UN
label. Bar code type EAN 13 available.
PROTECTIVE
WIRE CAGE
- Welded steel wire mesh.
Manufacturing process - Automatic welding.
Colour - Silver grey.
Remark
- Anti corrosion treatment, coated with
oven polymerised epoxy polyester.
CORNERS
PROTECTORS Only for UN IBC
Colour - Black.
Raw material - HDPE.
Manufacturing process - Injection moulding.
BOTTLE CAP Ø 150mm  or Ø 220mm
Colour - Black.
Manufacturing process - Injection moulding.
Raw material - HDPE.
Fixing on the bottle - Screw.
Closing torques - Ø 150, 50 / 70 Nm.- Ø 220, 80 / 100Nm.
Remarks - Balance vent, degas / regas
vent, or quick emptying
system are with protective cap.




Manufactured date of the  bottle and,
assembly date of the IBC.





PALLET Metal Plastic Wood
Rackable, stackable,
interstackable yes yes yes
Perimetric yes available soon no
No-perimetric available soon yes yes
Raw material galvanised steel HDPE wood
Manufacturing process
stamped and
welded injection moulding assembly
Remark Wooden pallet, heat treatment IPPC 15 available.
BOTTOM OUTLET 2” valve Valve protection gate (optional)
Raw material HDPE HDPE
Colour





and assembly injection moulding
Remarks - Valve delivered with elbow.
- Triple security on the valve, red security pin on the
lever, aluminium/PE tamper evident seal welded to
valve outlet and end cap with seal.
- Valve seals, EPDM or VITON, in case of doubt please
contact us.
- Serial number on the valve body.
- 3” inch valve available, consult us.




available on : www.sotralentz.com
Handles colours :
- Red :    EPDM seals
- White : VITON seals
SOTRALENTZ PACKAGING S.A.S BP. 28 F- 67320 DRULINGEN / France / Web site : www.sotralentz.com
France :   Phone. +33 (0)3 88 01 68 00 / Fax. +33 (0)3 88 01 68 02 / E-mail : emballage@sotralentz.com
England : Phone. +44 191 5180440 / Fax. +44 191 5181045 / E-mail : sales@sotralentzuk.com
Spain :     Phone. +34 945 33 2100 / Fax. +34 945 33 2286 / E-mail : embalaje@trlentz.es
SOTRALENTZ RECYCLING SERVICE : Phone. +33 (0)3 88 01 68 29 / Fax. +33 (0)3 88 01  68 06
Patented packaging.                                                                                                                                              CLF.  09.2004
This sheet is intended for information purposes only, SOTRALENTZ reserve the right for any deviations, or changes to the above.
Instructions for use IBC(1) SLX from SOTRALENTZ Packaging
How to choose a IBC SLX from SOTRALENTZ Packaging ?
? SOTRALENTZ Packaging can advise the customer taking into account the type of product to be packed, the way, the IBC’s needs
to be stored, handled, and transported…
? The compatibility of the product with the packaging is the filler’s responsibility. They must verify whether the packaging is
compatible with the product, the closures and the seals. See the SOTRALENTZ Packaging valves brochure.
? The density of the product determines the maximum stacking height, the way of handling and also the weight of the packaging.
Especially when the density is higher than 1.2, special precautions need to be taken when stacking. See the IBC SLX technical sheets.
1. Storing an empty IBC.
? Keep away from sparks and heat sources like hot pipes, hot tanks, radiators…
? Stock in clean and non-contaminated environments.
? For longer periods, do not store outside or exposed to UV light.
2. Filling a IBC.
? Avoid damaging the packaging, especially the closure, with the filling equipment.
? The closures need to be tightened to the correct torque as prescribed by the manufacturer.
? Do not re-use venting closures.
3. Hot filling a IBC.
? For short periods (a few hours) temperatures up to 80° Celsius can be reached  during filling without effecting the mechanical
characteristics of the package. In case of longer periods do not exceed 60°Celsius.
? Check the compatibility of the product with the packages heating above 25° Celsius. As this may have a negative effect on
certain products with regard to compatibility with polyethylene.
? After filling, leave the IBC open until the product temperature equals the ambient temperature, or use a balance venting
closure.
4. Handling, storing and transport of filled IBC.
? Use only appropriate handling equipment. Don’t use an hand stacker pallet truck for IBC SLX intended with perimetric pallet. If
in doubt, please contact use.
? Stack on smooth and levelled surfaces adapted to carry the weight of the filled IBC’s.
? Verify that the end-user has all the vital information regarding to handling and especially the maximum stacking height. See the
IBC SLX technical sheets.
? During transport and particularly when the IBC’s are stacked, they should be secured in the truck or in the ISO containers.
? IBC SLX equipped with an interstackable wooden pallet has to be stacked correctly on the bottom mesh.
? The weight of an IBC with a wooden pallet can change in a humidity environment.
? When a specific emptying system is fixed on to the valve, special precautions need to be taken to ensure that damage to the
bottom outlet does not occur.
? The storage temperature of a IBC should not be less than -40° Celsius or greater than 60°Celsius.
5. UN-markings and homologations.
? The UN-marking certifies the IBC conformity to the UN-recommendations and regulations (RID/ADR, IMDG) for the transport of
dangerous goods.
? For a UN IBC an inspection has to be made 30 months at least after the manufacture date, present on the UN marking.
? For IBC’s that are  used for multi-trips, SOTRALENTZ Packaging recommends to change the valve after each trip.
? The level of homologation (density, packaging group, hydraulic pressure) mentioned in the UN-marking refers to products
chemically assimilable to water. In general, for the other standard liquids the performance level will be lower. See the UN-certificate.
? The hydraulic pressure value in the UN-marking corresponds with the pressure against which the packaging resists for a
maximum period of 10 minutes. However this hydraulic pressure value can not be used as a reference for emptying the IBC
under pressure.
? The nominal capacity of a IBC is given by a marking on the bottle in litres and US gallons. These values can’t be used for
commercial transaction.
? Another important markings figure on the bottle at the top of the bottom outlet : Manufacture date, serial number of the bottle,
serial number of the IBC and the logos ; “PEHD”, “SOTRALENTZ”, “ECOFUT”. Serial number on the valve body.
1IBC : Intermediate Bulk Container
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(IN) A B C D E
BALL PORT
DIA.
937202 1/4 6.5 2.15 0.31 0.256/0.252 0.79 0.5
937203 3/8 6.5 2.15 0.31 0.381/0.377 0.79 0.5
937204 1/2 6.5 2.15 0.39 0.506/0.502 0.79 0.5
937205 5/8 6.5 2.15 0.51 0.631/0.627 0.79 0.5
937306 3/4 7.25 2.63 0.75 0.756/0.752 1.26 0.75
937307 7/8 7.25 2.63 0.78 0.881/0.877 1.26 0.75
937409 1-1/8 8.5 2.98 0.91 1.132/1.128 1.57 1
937511 1-3/8 9.25 3.73 0.97 1.382/1.378 1.89 1.25
937613 1-5/8 10 4.24 1.09 1.633/1.628 2.36 1.5
937617 2-1/8 11.375 5.26 1.34 2.133/2.128 2.95 2
937721* 2-5/8 12.875 5.26 1.47 2.633/2.628 2.95 2
937725* 3-1/8 14.375 6.06 1.66 3.133/3.128 2.95 2.5
SPECIFICATIONS:
MAX WORKING PRESSURE 700 PSIG (48.3 BARG)1.
TEMPERATURE RANGE -40 F (-40 C) TO 250 F (121C)
HELIUM LEAK TESTED TO 0.1 OZ/YEAR (10-6 CC/SEC)
UL AND CUL LISTED FILE SA42952.
907409 AND ABOVE CE MARKED TO 97/23EC
SUITABLE FOR:3.
R410A, R404A, R134a, R407C, R422A, R422D, R22.
CHECK FACTORY FOR OTHER FLUIDS
SCHRADER CORE ACCORDING TO ARI-7204.
ALL SEALS ARE PARCO COMPOUND C3229-70 NEOPRENE5.
CONTROLLED SOURCE.
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